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The animals involved in this study were procured, maintained, and
used in accordance with the Animal Welfare Act of 1970 and th~ “'Guide
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LASER-INDUCED THERMAL DAMAGE OF SKIN

INTRODUCTION

Numerous experimental investigations have been conducted
to determine the degree of burns produced in skin by a vari-
ety of heat sources such as flames, hot water, and radiation
(16,18,21,22).

Studies by Henriques (11), Stoll and Greene (21), and
Takata (22) have used such data to develop burn criteria
based upon transient temperatures. Moreover, a number of
skin models exist (15,21) for computing skin damage caused
by simple heating conditions--one-dimensional, surface ab-
sorption, etc. Unfortunately such models are not capable
of handling a wide variety of phenomena. This is particu-
larly true with variable spacial and temporal heating pro-
duced by lasers. What is needed is a model capable of
accounting for two-dimensional heat deposition/transfer,
blood flow, spacial/temporal variations of tissue proper-
ties, hair follicles, steam blisters, and evaporation of
water. In this regard the Corneal Model (23), developed
for the USAF School of Aerospace Medicine, Brooks Air Force
Base, provides an excellent basis from which to build such
a model. It is with this goal that this study is directed.

Specific objectives of the program are listed below:

e develop a comprehensive computerized model
capable of predicting the extent and degree
of skin burns produced by lasers

e identify data required ty the code through
literature searches and experiments

e conduct laser exposures of pigs and compare
resultant damage with model predictions

The SKIN MODEL was designed to predict transient tem-
peratures and thermal damage produced in skin by any radially
symmetric laser beam of normal incidence. Basic to the model
is the use of an implicit-explicit finite difference tech-
nique for computing transient temperatures. This technique
was originally presented by Peaceman and Rachford (17).

Since then it has been applied to cylindrical coordinates

by Mainster et al. (14), and used by Takata et al. (23) to
predict transient temperatures produced in eyes by laser
irradiation. '




Additional features provided in the SKIN MODEL are
temporal changes in optical/thermal properties and thermal
barriers created by steam blisters. Provisions have also
been made for hot spots created by the interception of
radiation by hair follicles. As with the eye model, ther-
mal damage is gredicted using Henriques damage integral
(11). This criterion involves integrating temperature-
dependent rates of damage with respect to time. Irrever-
sible damage is predicted when the integral equals or
exceeds a given value. The region of irreversible damage
isdgiedicted by evaluating damage at various depths and
ra .

Data for the computerized model were obtained from
the literature as well as from IITRI experiments. These
data include thermal and optical properties of skin tis-
sues, tissue densities and water content, blood flow rates,
heat-transfer coefficients, and criteria for predicting
the degree of burn and blister formation. Specific ex-
periments conducted by IITRI are presented below:

e measurement of cptical properties of excised
pig skin

o measurement of heat-transfer coefficients
associated with heat losses from moist and
from dry skin to the surrounding air

e® exposure of white skin pigs to CW CO, laser
(nominal 5 watts) and to a pulsed ruby laser
(nominal 25 joule pulses of 500-usec dura-
tion and nominal 10 joule pulses of 50-usec
duration)

The pig experiments served to validate the model and to
acquire additional data for the model. These data included
criteria for the onset of blister formation sud the degree

of burn. Medical aspects of the pig expcr 'nts were super-

vised by Dr. Larry Zaneveld of the Univer: ~% I1llinois
Medical Center. Extent of irreversible °’ = measured
histologically by Dr. Ward Richter of *’ -y of
Chicago.

Two-thirds of the predicted dey ot ir-
reversible damage were within one : " A £ the
histological measurements of dama§e 13 ro-
duced by the CO2 laser. The COy L. - xpc . ved
different beam diameters, las-~: pc < oer 3t nes.
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No damage was detected as a consequence of exposing
pigs to single ruby laser gulsee of 50 and 500 usec. This
result conflicts with model predictions and suggests ap-
preciable energy was lost by some means not accounted for
in the model. One possibility is attenuation of the laser
beam by materials evolved from the skin surface. This
appears likely in that a pronounced cracking sound accom-
panied each exposure. Wisps orf smoke or vapor were observed
immediately following several exposures.

DATA NEEDED BY THE SKIN MODEL

Prior to model development, a literature search r-:s
conducted. Of primary concern were property data with
whicbh to characterize skin and subcutaneous tissues such as
e reflectance
e absorption coefficients
e thermal conductivity
e specific heat
e density
e water content
e blood flow rates
¢ burn criteria

This endeavor involved computer searches of the follow-
ing sources

1) SSIE -- Smithsonian Science Information

Exchange
2) Biosis -- Biological Abstracts
3) Scisearch -- Current awareness of primary
journals
4) Compendex -- Engineering Index
’ 5) DDC -- Defense Documentation Center
J 6) NTIS -~ National Technical Information
Service

| In this section we shall present pertinent data found
in the literature along with IITRI measurements of the opti-
cal properties of pig skin. 1In addition heat-transfer
coefficients are given for predicting the rates of heat
transfer from skin surfaces to the surrounding air and

across steam blisters. _
i
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IITRI Measurements of the Optical Properties of Pig Skin

Diffuse reflectance and absorption coefficients of
various skin specimens were determined by exposing excised
samples of pig skin to radiation of varying wavelengths and
measuring the reflected and transmitted radiant energy.

This determination involved use of the integrating sphere
shown in Figure 1. Here measurements of the radiation from
the sample or skin specimen are compared to that produced
by the reference beam.

To separate the reflected radiation from the trans-
mitted radiation, two power measurement3 were made with
each specimen. One measurement was made with a black film
on the unexposed side of the specimen to prevent escape of
radiation transmitted through the specimen. The other
measurement involved the specimen without the black backing.

Three types of tissues were used, namely

e normal epidermal/dermal specimens (5 different
thicknesses)

e irreversibly thermal damaged epidermal/dermal
specimens (3 different thicknesses)

e normal fat tissues (3 different thicknesses)

Skin was irreversibly damaged by placing a 70°C aluminum
disk upon live skin. Contact was maintained for 1 minute.

All specimens were hairless and stretched in a sample
heclder by approximately 12% in one direction to ensure a
flat surface. On the live animal the skin is stretched in
two directions by approximately the same amount. Thus, the
specimens were approximately 127 thicker than when on the
live animal.

Percentages of the radiant energy diffusely reflected
and transmitted through individual specimens are shown by
the dashed curves of Figures 2, 2, and 4. The solid curve
represents the sum of these curves. Absorption coefficients
were obtalined using Beer's Law namely

q = exp(-az) (L

where q = fraction of absorbed radiant intensity
transmitted through the specimen
a = absorption coefficient

z = gspecimen thickness

A"—*———r—r—-.— e — S . — R -
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Figure 1. Schematic of integrating-sphere reflectometer.
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Solving equation 1 for a yields
a = -ln(q)/z (2)

Absorption coefficients obtained from equation 2 are shown
in Table 1 for 10 skin specimens over wavelengths ranging
from 0.33 to 2.6 ym. It may be observed that the coeffi-
cients for the two fat specimens are in good agreement with
each other while the coefficients for normal skin vary con-
siderably. Particularly noteworthy are the higher absorp-
tion coefficients with the thinner specimens of skin which
suggest greater absorption (percentagewise) by the epidermal
and shallow dermal tissues than by the deeper dermal tissues.
Sﬁih absorption is less evident with irreversibly damaged
skin.

The coefficients for the deeper dermal tissues were
determined by the following analysis using the absorption
coefficients for the thinner specimens. The mean value o4
of the coefficients for the two thinner specimens shall
be considered to apply to some unknown depth z,, which re-
mains to be determined. Beyond the depth z, tge coefficient
will be represented by a,. Using Beer's Law, the fraction
of the nonreflected radi&nt flux passing through a depth
z greater than zg is given by

q = exp-(aoz°+a1(z-zo)) _ (3)

To determine the coefficient o, for the deeper thermal tis-
sues, we shall use the transmiésion data for each of the
three thicker specimens presented in Table 1. Each speci-
men will yield a somewhat different oy value according to
the value selected for z,. Basic to tkis analysis is the
choice of zo yielding the most consistent & values for the
three thickest specimens. For each trial zg value, the
deviations of the individual oy values from their mean value
were squared and summed over each of the wavelengths con-

" sidered. This procedure was performed using a variety of

zo values until the sum of the squares of the deviation was
mgnimal. By this means the most consistent aq values were
found to occur with a z, value of 0.054 cm.

Results of this endeavor for normal skin are presented
in Table 2. Included in Table 2 are the mean values of co-
efficients measured with irreversibly thermal damaged skin
and with normal fat. In addition. mean reflection data are
presented for the thicker specimens.

13
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Use of two absorption coefficients for the skin is con-
sistent with the measurements involving fair-skinned human
beings shown in Figure 5 for wavelengths from 0.3 to 1.0 um.
Beyond 1.0 um, Figure 5 presents only a single absorption
coefficient and is in variance with data presented in Table 2.
On comparing the results of Figure 5 with the coefficients
of Table 2 for the shorter wavelengths and the mean coeffi-
cients of Table 1 for the longer wavelengths, observe tlat
our values are lower across the entire spectrum. This -
observation suggests that the skin of young pigs transmits
radiation better than fair-skinned human beings.

300 ¢= — ]
&
9
= 200 r \
N Y
+ 1
§ 100 \~
D - ,
o Al
H 60 \
2 \
S 40 \ ul
g \ N\
™20 N\ _
3 T2 - 1+,
@ 10 :
2 \ =
H 6
8 "
- R S -
I

00.2 0.6 1.0 1.4 1.8 2.2 2.6
Wavelength, um

Figure 5. Linear absorption coefficients of fair-skinned
- humans from in vivo measurements (ref. 6).

® Y, curve for superficial skin layers .
® Y, curve for deeper tissues

Before concluding, it is important to recognize that the
skin specimens were 127, thinner when on the live animal.
Hence the critical depth of 0.054 cm presented in Table 2

should be reduced by 12% to 0.048 cm. Coefficients remain
the same. ‘
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Optical Properties of Human Skin and Water

Figures 5 through 7 present optical properties of human
skin found in the literature. Figure 6 shows the reflectance
of white and black skin over wavelengths from 0.4 to 40.0 um
(10). Notice that skin pigmentation is important for wave-
langths below about 2 um. Beyond 2 um pigmentation is not
jmportant.
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Figure 6. Spectral reflectance of white and negfo skin
(from ref. 10)

Figure 7 presents transmittance data (8) for a 0.003-cm
thick layer of wet and dry epidermis. IITRI calculations
of the absorption coefficient are presented at the right of
the figure. Over wavelengths from 1.0 to 2.4 ym, it may be
observed that the coefficients for thin epideimal layers
are much larger than the coefficients for the entire skin
presented in Figure 5. This observation suggests there
should be two absorption coefficients for the skin--one for
the outer epidermal layer and one for the remainder of the
skin as was found for pig skin. Table 3 presents our best
estimates of the reflectance and absorption coefficients
of human skin based upon the literature, and IITRI measure-
ments using pig skin. :
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Figure 7. Transmission spectrum of human epidermis
(0.003 cm thick), wet and dry (from ref. 8).

Absorption coefficients could not be found for skin
tissues deeper than 0.003 cm for wavelengths beyond 2.4 um.
In this regard we recommend using the values for water shown
in Table 4 (7). This recommendation is made for two reasons.
First, the fraction of the radiant intensity passing through
the thin (0.003 cm) outer layer of epidermis is usually
small at the longer wavelengths. Secondly, water present
in the tissues has very large absorption values at wave-
lengths beyond 2.4 ym. The result is very shallow penetra-
tion of the radiant energy beyond the relatively thin epi-
dermal layer. Epidermal layers are of the order of 0.01 cm
thick as contrasted with values of the order of 0.2 cm for

dermal layers.

Thermal Properties of Skin

The most important parameter affecting the thermal pro-
perties is the amount of water in the tissues. Water is
lmportant in that it is an excellent heat sink as well as a
relatively goocd conductor of heat. By comparison, the ef-
fects of temperature upon thermel properties are- of secondary
importance and hence will not be considered.

18
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TABLE 3. OPTICAL PROPERTIES OF HUMAN SKIN
Absorption coefficients Absorption
Wavelength, Reflection® (normal tissues), l/cm coefficients®,

N N 7 i e 1

;i P 8llcm
0.33 a5 - 0 200 40 22 53
0.40 22 9 0 110 21 20 39
0.50 38 10 M) 55 12 13 19
0.60 38 12 0 29 12 12 15
0.65 37 15 0 25 S 11 12
0.70 68 22 0 40 9 10 12
0.80 67 37 0 16 10 10 10
0.90 57 39 0 13 12 10 10
1.00 52 38 0 238 13 10 10
1.10 58 40 0 231 13 10 10
1.20 .58 40 i 233 12 12 12
1.42 35 27 1 <17 K} 24 34
1.70 13 11 7 231 20 27 25
1.85 11 9 23 205 40 28 35
2.20 3 3 17 202 30 23 43
2.40 3 3 50 264 50 28 54
3.00 2 2 11394 1448 - - -
4,00 2 2 145 380 - - -
4.70 2 2 420 572 - - -
5.00 2 2 312 401 - - -
6.00 2 2 2241 1230 - - -
7.00 1 1 574 999 - - -
8.00 1 1 539 921 - - -
9.00 1 1 537 821 - - -
10.00 1 1 638 727 - - -
11.00 1 1 1106 91i - - -

8vValues from Figure 6, reflection at 0.33 um from Table 2.

PResults for sweat taken from Table 4 for water.

®Values beiow 1 ym from Figure 5; other values from Figure 7.

dyalues from Figure 5.

®Values from Table 2.
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TABLE 4. ABSORPTION CONSTANTS OF WATER (ref. 7)

A (pm) alem™1)
0.200 6.0%15-1072
0.225  2.7367 1072
0.250  1.6839-1072
0.275  1.0739-1072
.0.300  6.7021-1073
“0.325  4.1759°1073
0.350  2.3338°1073
0.375  1.1729-10°
0.400  5.8434:107%
0.425  3.8438-10°%
0.450  2.8484:107%
0.475  2.4736-107%
0.500  2.5133-107%
0.525  3.1595-107%
0.550  4.4782-10"
0.575  7.8676-10"%
0.600  2.2829.1073
0.625  2.7948-1073
0.650  3.1706-107>
0.675  4.1516.1073
0.760  6.0139-103
0.725  1.5660:10"2
0.75¢  2.6138.10°2
0.775  2.3998-10"2
0.800  1.9635.10"2
0.825  2.7722-10"2
0.859 4.3317-10°
£.875  5.6154-10"2

Alum) a@m'l) Adum) a(crﬂ'b
0.900  6.7858-1072 3.400  7.2072-10%
0.925  1.4400-107} 3.450  4.8080 10
0.950  3.8757 107} 3.500  3.3750-10%
0.975  4.4852-107% 3,600  1.7977-102
1.00¢  3.6317-107% 3.700  1.2227-10%
1,200  1.0357 3.800  1.1244.102
1.600  1.2387-1071  3.900  1.2244-102
1.600  6.7152 4.000  1.4451-10%
1.800  8.0285 4.100  1.7225 -102
2,000  6.9115-10"! 4,200  2.0585 *102
2.200  1.6508-10™1 4.300  2.4694 102
2.400  5.0056-1071 4.400  2.9417 -10%
2.600  1.5321.10™2 4.500  3.7420-10%
2,650  3.1772-10% 4.600  4.0158 -102
2.700  8.8430-10% 4.700  4.1977 -10%
2.750  2.6961-103 4.800  3.9270-102
2.800  5.1612-10° 4.900  3.5135-10%
2.850  8.1571.10° 5.000  3.1165-102
2.900  1.1613-10% 5.100  2.7350-10%
2.950°  1.2694.10% 5.200  2.4408 -102
3.000  1.1394-10% 5.300  2.3236-102
3.050  9.5883-10° 5.400 2.3969 -10%
3.100  7.7830.10° 5.500  2.6504-10%
3.150  5.3856.10° 5.600  3.1865 -10°
3.200  3.6285-10° 5.700  4.4754-10%
3.250  2.3586-10° 5.800  7.1493-102
3.30¢  1.4013 107 5.900 - 1.3248-10°
3.350  9.7905 -102 6.000  2.2410.10°3
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A(um) afem™}) A@m)  afen™h) A (um) a(em™})
6.100  2.6987 °10° 9.800  6.1421-10 27.000 1.6011-10°
6.200  1.7836.10° 10.000  5.3837-10% 28.000 1.5169-10°
6.300 1.1370-10° 10,500, 7.9228 -10° 29.000 1.4430-10°
6.400  8.8161:10% 11.000 = 1.1058-10° 30.000 1.3739.10°
6.500  7.5785:10% 11,500  1.5517-10° 32.000 1.2724-10°
6.600  6.7782-10% 12.000  2.0839-10° 34.000 1.2160.10°
6.700  6.3207-10% 12.500  2.6038-10° 36.000 1.1973:10°
6.800  6.0430 102 13.000  2.9483.103 18.000 1,1938-10°
6.900  5.8643-10% 13.500  3.1928 -10° 40.000  1.2095-10°
7.000  5.7446 102 14.000  3.3211-10° 42.000 1,2237-10°
7.100  5.6637 -10% 14.500  3.3626 -10° 44.000 1.2452-10°
7.200  5.6025 102 15.000  3.3678 -10° 46.000 1.2621-10°
7.300  5.5430-10% 15.500  3.3564-103 48.000 1.2776-10°
7.400  5.5020-10% 16.000  3.3144-10° 50.000 1.2918-10°
7.500  5.4622-10% 16.500  3.2596 -10° 60.000 1.2294.103
7.600  5.423410% 17.000  3.1712-103 70.006  1.0340.10°
7.700  5.4019 -10% 17.500  3.0806 -10° 80.000  8.5923-10%
7.800  5.3971.10° 18.000  2.9740-10° 90.000  7.4840-10%
7.900  5.3924-10% 18.500  2.8597 -10° 100.000  6.6853-10%
8.000  5.3878-10% 19.000  2.7382 .10 110.000  6.0661-10%
8.200  5.3790-10% 19.500  2.6035 -10° 120,000  5.5083.10%
8.400  5.4006 -102 20.000  2.4693 +10° 130.000  4.9686 -102
8.600  5.4357 -10% 21.000  2.2859 -10° 140.000  4.4880-10°
8.800  5.4978 -10 22.000  2.1306-10%° 150,000 4.1469 10>
9.000  5.5711-10% 23.000  2.0052 -10° 160.000 3.8956-10%
9.200  5.6685 10> 24.000  1.8902 -10° 180.000  3.4837-10%
9.400  5.7886 -10% 25.000  1.7895 -10° 190,000 3.3136:10%
9.600  5.9429 10 26.000  1.6916 103 2€0.000  3.1667 -102
21
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In the discussion to follow, water content shall be
expressed in terms of g/cm3 and represented by w. This
parameter varies with the type of tissue, and of course.
with water losses at elevated temperatures. Valuss of w
are reported by Spells (20) as 0.20 and 0.75 g/cm? for fat
and muscle, respectively. Our measugements for dermal tis-
sues indicate a w value of 0.80 g/cm”?. Values for the
epidermis will vary widely according to the relative hu-
midity, temperature of the skin, and most importantly with
whether or not sweat is present. If sweat is absent, we
shall assume that w increases linearly with depth starting
with a value of 0.2 g/cm3 at thg surface of the skin and
ending with a value of 0.8 g/cm’ at the epidermal/dermal
interface. If sweit is present, we shall consider a w
value of 1.05 g/cm? at the surgace of epidermis which
decrgases linearly to 0.8 g/cm? at the interface with the
dermis.

Specific Heat--Awbery and Griffiths (1) have measured

the specific heat of meat containing various amounts of water.

Figure 2 of their paper indicates that the specific heat C
varies linearly with water content w divided by skin density
p as follows

C = 0.37 + 0.63(w/p) (4)

When w and p are set equal to one, equation 4 approximates
the specific heat of water.

In equation 4, the value 0.37 represents the specific
heat of the non-water constituents. To check equation 4
pig fat was oven dried and its specific heat measured as
0.39 + 0.03 cal/g-°C. Within the estimated experimental
error, this measurement agrees with the value 0.37 given by
equation 4.

Thermal Conductivity--Spells (20) has plotted the
thermal conductivities of a wide variety of biological
media as a function of water content. This includes muscle,
fat, kidney tissues, blood, liver, milk, eggs, etc. The
result shows that a linear relationship exists between
thermal conductivity K and water content w as described
below.

K = (0.133 + 1.36 w/0)10"> cal/cm-sec-°C. (5)

If one substitutes a value.of 1 for w/p, equation 5 predicts
a conductivity of 1.49-10"3 cal/cm-sec-°C which ig in sub-
stantial agreement with the conductivity 1.53-107° for pure
water at normal body temperature.
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For a typical w/: value of 0.8 fecr skin,3 equation 5
indicates a thermal conductivity of 1.22:1077 cal/cm-sec-°C.
This value_gay be compared with values ranging from 0.85.10"3
to 1.60-10 found in the literature (5,25). The relatively
large variation of conductivity reported above could be due
to differences of water content.

Density--Densities of skin, fat, and muscle were cal-
culated using the wei%ht and volume measurements of Cooper
et al. (4) for each of three media. Each media involved
five sets of measurements and yielded the mean densities
presented below

density of skin = 1.03 g/cm3 ‘ (6)
density of fat = 0.98 g/cm (7
dénsity of muscle = 1.01 g/cm3 (8)

V' Here one must recognize that the density for skin rep-
resents a mean value for the entire skin which consists
predominantly of dermal tissues. The density given by
equation 6 szould not be applied to the epidermis unless
it is saturated with moisture.

The above brings us to the problem of computing densi-
ties in terms of varying water content. Here we shall
assume the volume remains invariant with changes in water
content., Proceeding upon this basis the density p of skin,
fat, or muscle is given by

p =8 +w (9)

where s represents the mass of all nonaqueous ingredients
per cm3.

In equation 9, w represents the primary variable in
that organic materials require temperatures well above
boiling water for distillation or decomposition. The vari-
able s may be estimated for various tissues using the den-
sities presented by equations 6 through 8 along with the
w values presented at the beginning of this section.

‘Blood Flow

Of all the garameters, blood flow is the most difficult
to quantify in that it varies from individual to individual
as well as with skin location and temperature. With inclined
resting human beings, Cooper et al. (4) found that blood

flow can range from 0 to 0.0118 cm3/cm’ of muscle/sec at
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normal environmental temperatures. At an environmental
temperature of 35°C, the results of Haurdy and Solderstom

(9) and Behnke and Willman (2) indicatg lgod flows in the
forearm skin of 0.00025 and 0.00020 cm?/cm? of skin/sec
respectively. In spite of the elevated environmental
temperature, these flows are well within the range of values
found by Cooper et al. (4).

Senay et al. (l9) report increases of blood flow brought

about by temperature changes. In raising the forearm skin
from 32°C tg 37°C, blood flows were found to increase by
0.000027 cm3/cm3 of forearm skin/sec, and increase by
0.000100 cm3/cm3 of calf skin/sec. They indicate that vaso-
dilation occurred at 31.4°C and 33.7°C for skin at the calf
and forearm, respectively. While these blood flow changes
are significant with respect to the flow rates determined
from the results of Hardy and Solderstom (9) and Behnke and
Willman (2), they are very small compared to the range of
possible blood flows cited previously from Cooper et al. (4).
In this regard no data could be found describing the effects
of local heating upon increased blood flow. ,

Until such data are available, we suggest use of the
highest values found for skin and muscle gy Cooper et al.
(4). Such values will not appreciably affect skin temper-
atures unless the exposures are of the order of 1 sec or
longer in duration.

Heat-Transfer Coefficients

Surface of Skin--This section is concerned with rates
of heat loss Irom skin surfaces. Such fluxes equal the
product of a heat-transrfer coefficient and the difference
between the temperatures of the surface of the skin and the
surrounding air. It depends upon

e air motion
e surface orientation, moisture, and temperature
o relative humidity of surrounding air.

Here we have experimentally determined the heat-transfer
coefficient associated with wet and dry vertical surfaces
exposed to still air at 22°C with a relative humidity of
50%. These conditions are considered typical of those
likely to be encountered. Dependence of the heat-transfer
coefficient on temperature is of minor importance and hence
will be neglected.
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In the experiments, an electrical heater was placed in
a 10-cm diameter, 2-cm-thick aluminum disk whose sides and
back face were insulated with 2 c¢m of styrofoam. The test
face was left bare to simulate dry skin or covered with
wet tissue paper to simulate wet skin. Temperatures
within the aluminum disk and styrofoam weire measured by
means of thermocouples.

The rate of heating was adjusted until the aluminum
disk reached 70°C. Heat fluxes leaving the test face were
determined by first calculating the relatively small heat
losses through the styrofcam. These losses were then sub-
tracted from the measured rate of heating, and divided by
the product of face area and the temperature difference

between the disk and surrounding air. Resultant heat-transfer

coefficients he for dry and wet surfaces are as follows:
J’Z'lO-4 cal/cmz-sec-°C, dry surfaces
h

e
L7 10° cal/cm -sec-°C, wet surfaces

The above valge for dEy surfaces contrasts well with the
value 1.5:10°% cal/cm“-sec-°C found in ref. 26.

Because the epidermis is usually quite dry, we recom-
mend use of the coefficient for dry surfaces unless sweat
is present.

If water commences to boil, tissues will rapidly lose
their water. Rates at which heat is expended in transform-
ing water into steam were roughly 100 times larger than heat
fluxes due to natural convection/reradiation. Thus very
little is gained by altering the coefficient as the skin
surface dries.

Steam Blisters--Heat is transferred across steam blis-
ters by all modes of heat transfer, namely conduction,
radiation, and convection. Rates of heat transfer will be
described by the product of a heat-transfer coefficient and
the temperature difference across blisters. Of all the
parameters, the coefficient is the most difficult to quan—
tify in view of variations in blisters.

The section "criterion for Fifth-degree3Burns gsti-
mates the heat-transfer coefficient as 6:10 -~ cal/cm

This cc :£ficient will be considered conetant independent of
temperature, and it is the factor by which temperature

25
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differences across the blisters are multiplied to determi.ie
heat fluxes crossing the water vapor within the blister.
Much of this heat transfer is by thermal conduction and to
a lesser extent by thermal radiation.

Damage/Burn Predictions

Extent of Thermal Damage--Extent of irreversible damage
is predicted using the same expression used by the eye ,
models (23). In this regard thermal damage @ is computed
as follows:

e}
i

IpAlexp-AZ/va(t) dt _ (11)
(o]

where A1 = gtep function of Var 1l/sec

g
il

2 step function of Vye K
v_ = temperature in °K
t = time in sec.
This expression was originally proposed by Henriques (11)

and subsequently used by a number of cther investigators
such as Stoll and Greene (21). Values for A, and A2 are

presented below (22): 1
A, = 4.322-10%%/sec
317 < v, < 323°K (12)
A, = 50,000°K
2 ’
Ay = 9.389-1010%/sec
) 323 < v < 333K (13)
A, = 80,000°K
2 t]

Below 317°K Ay is zero. 1In this regard we were not able
tv evaluate A] and™A9 values beyond 333°K due to the absence
of high temperatures at burn thresholds. Higher temperatures
will he achieved only with very short pulses--of the order
of 1.1.79 sec or less.

Degree of Burn--Burns range from first degree to fifth
degree. Visually these burns are characterized as follows:

first-degree burn --- red
second-degree burn --- red with white spots
third-degree burn --- entirely white
fourth-degree burn --- steam blister
fifth-degree burn --- char.
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Characterizing burns in the above manner provides a rough
estimate of the damage. However, it is not indicative of
the depths to which tissues are irreversibly damaged. For
example, very intense short-duration heating can char the
surface with only shallow dermal damage. On the other
hand, low intensity long-duration heating can entirely
destroy the dermis with no charring.

Criteria for each of the five degrees of burn were ob-
tained by examining computed peak temperatures and Q values
at particular burn radii. These criteria are presented

below:
first-degree burngs --- o = 0.1 (assumed)
gsecond-degree burns --- @ = 1.0
third-degree burns --- Q@ = 10,000
fourth-degree burns --- 131°C at base of epidermis
fifth-degree burns --- 400°C at exterior surface

of epidermis

SKIN MODEL

As noted earlier, the skin model utilizes an implicit-
explicit finite~difference method (14,23) to predict transient
temperatures produced in skin by lasers. Thermal conduction
is treated using polar coordinates.

In this program the method cited above was upgraded to
account for:

e coded pulses (variable pulse durations and power)

e temporal property changes (thermal and optical)

e steam blisters

e heat losses due to the generation of steam

e interception of radiation by hair follicles

@ variable blood flow rates with respect to depth.
In addition, criteria were introduced for predicting the
degree of burn. Means for predicting the extent of irrever-

sible thermal damage remain the same as that developed for
skin (22) and used for the eye (23).




This section is concerned with describing essential
features of the model. Details are presented in Appendixes
A, B, and C. Appendix A presents the finite-difference
representation of the heat conduction problem along with
its solution; Appendix B describes means by which %ong
pulse trains are treated to conserve computational time;
and Appendix C discusses functional details of the code.

Laser Exposures

The model is capable of handling any laser exposure
involving radially symmetric beams that are perpendicular
to the surface of the skin. Beam profiles may have any
symmetric shape while the laser may have any wavelength
and be continuous or pulsed. Laser powers are considered
constant during each pulse.

Two types of pulse trains may be treated by the code.
The first is noncoded pulses in which all the pulses are
identical. The second is coded pulses in which the pulses
vary in power and duration. Times between successive
coded pulses may vary from O to any value desired. Using
this provision one can consider laser exposures with time-
dependent power of any description.

Grid

A nonuniform grid is used to conserve computation time
Within regions of pronounced heat deposition, grid points
are spaced at regular small intervals as shown in Figure 8.
Beyond this region, the grid spaces are progressively
increased as follows:

Azi = Cl zi"l (14)
Arj = C, 5.1 ©(15)

The constants Cj and C, are chosen large enough so that re-
mote grid points, such®as r y 2 , do not sense any heat-
i N+1' "M+l

ng whatsoever. :

The only exception to the grid shown in Figure 8 is
when a hair follicle is to be included. The follicle is
located on the axis and occupies the first radial increment
Ary. Subsequent radial increments are uniform and then
expanded as per Figure 8. Axial increments are selected so
that the follicle occupies one of the Az increments. To
achieve this end the axial grid is expanded for several




increments as shown in Figure 8 and then contracted to the
diameter of the follicle. Beyond the follicle the expan-
sion is resumed. Further details are presented

in Appendix C.

v Surface of skin
A'1 _\
zl J
Z2
z, 1
Zy1+1
. A
L
%
E N
2 £
|
g 3
3 1
¥
| . 1
—— - ZM+1
L1 NI+ Tl

Radfus y —p . ) i

Figure 8. Radial and axial grid points and increments.
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Agsignment of Propérties and Energy Deposition Rates

Thermal properties, absorption coefficients, densities,
water contear, and blood flow rates are varied with depth
in a stepwise fasnion according to the thicknesses of the
epidermis, dermis, and any sweat layer. The steps may be
made - as small as the data allow.

Energy deposition rates are calculated by first assess-
ing the beam intensities at each of the grid points illus-
trated in Figure 8. These intensities are computed using
Beer's Law at depths z4 beneath ZL l as follows

q(ry.2z4) = (l-H)(1-E)qo(rj)eXP-(aoZo+a1(Zl—Zo)

+ioog (2420 1)) (16)

where q(rj,zi) = intensity at grid point rj, z
cal/cm2-sec

H = fraction of radiant energy inter-
cepted by hairs, dimensionless

£ = reflectance, dimensionless

qo(rj) = jincident bgam intensity at radius

rj, cal/cm4-sec

GgoOyee.Oy = absorption coefficients of tissues
o between depths 0 to Zo, Z, to Z1,
.y 21,.1 to Z;, respectively, 1l/cm

Rates of energy deposition E(rj,zi) are computed as follows

q(rj'zi—1> - Q(rj.zi+1)

q(r,,z,) = (a7
AR R Zi417%4-1
When a hair follicle is present at ry.Zy then
a(rj’zi) = q<rj'zi)/(zi-zi+l) (18)

Heat Transfer

Heat transfer within the skin and subcutaneous tissues
is computed using finite-difference approximations of the
heat conduction equation (modified) for heat deposition and
blood flow. This equation is presented below:
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p = tissue density, g/cm
C = specific heat of tissues, cal/g-°C
v = temperature, fC
t = time, sec
q = rate of heat deposition, cal/cms-sec
K = thermal conductivity, cal/cm-sec®C
r = radius, cm
z = depth, cm
B = rate of blood flow, g/cms-sec

C, = specific heat of blood, cal/g-°C
q

= rate of heat loss in transforming water into
steam, cal/cm3-sec

Initially, the thermal properties and blood flow rates vary
oaly witi depth. Thereafter, the densities p, specific
h2ats C and thermal conductivities K are altered with re-
spect to radius and depth as water is transformed into steam.
Expressions are presented in the section "Thermal Properties
of skin" for the thermal conductivity and specific heats

as a function of water content w divided by density p.

In equation 19, the blood flow B is considered to
enter capillaries through large blood vessels at the initial
skin temperature. Thereafter the blood assumes the temper-
ature of the tissues before leavinyg through other major
blood vessels. In this respect the hlood acts solely as a
heat sink. Heat transport from one location to another is
neglected in that it is of minor imgortance compared to
other heat losses, namely by thermal conduction and by
blood acting as a heat sink.

Initially the skin and subcutaneous tissues are assumed
to be at a uniform temperature. Biological heating is
neglected. To simplify the temperature calculations, all
tissue temperatures are given as temperature differences
with respect to the temperature vp of the surrounding air.
Ambient air temperatures may be highgr or lower than the
initial temperature of the skin.

Rates of heat loss from the surface of the skin are
described by

o A.- .
-Kz= = hov, z=0, >0 | . (20)




Due to radial symmetry heat does not flow across the axis.
Thus :

av: ==
K"J? 0, r=0, t>0 (21)

At distances far away from the regions of energy deposition,
temperatures must approach their initial value v “Vg- This
is expressed by °

V>V, -V, asr and/or z > = | (22)

Once a steam blister forms, heat fluxes to the under-
lying tissues are reduced by the film of water vapor gener-
ated within the blister. Neglecting the heat capacity of
the water vapor within the blister, the heat fluxes leaving
the blister are identical to those entering the underlying
tissue. Mathematically this is described as follows:

= - .gl = h (v| - v| ) (23)

|
z
Zy~$ Zygts ‘Zw-d Zy*s

vV
—Kﬁi

where Z_ = depth at which blister forms (namely that
of the epidermal-dermal interface), cm-

5§ = an incrementally small displacement from
Z_ , cm
W 4
h, = heat-tiansfer coefficient across blister,
cal/cm“-sec-°C :

Water within tissues beneath the blister is assumed to
be contained following blister formation. This, of course,
raised the possibility of superheated water along with
elevated pressures within tissues beneath the blister.

No provisions have been made for blister rupture.

Heat losses due to the generation of steam are accounted
for by introducing positive values for q in equation 19. .
Such values are introduced for grid points within the epi-
dermis wherein temperatures reach that of boiling water
during periods while water is present. Other grid points
have ¥ values of zero.

Values for T are adjusted by trial and error until the
temperatures at the appropriate grid points approximate that
of boiling water. Usually four trials are required. Fol-
lowing each trial, the § values are revised based upon
calculated temperaturesusing the previous § values. After
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the last trial, the water content within the tissues is
adjusted according to the loss of water. Once tissues lose
all their water, temperatures are allowed to increase
without bounds.

Thermal Damage Predictions

Tissues are considered irreversibly damaged when the
value Q@ of equation 11 equals or exceeds 1. In this equa-
tion rates of damage increase exponentially with respect
to temperature. In the model rates of damage are computed
during selected time steps. Cumulative damage is predicted
by multiplying these rates by the associated time steps and
summing the damage over time.

Degrees of burn are predicted as described in the sec-
tion "Damage /Burn Predictions." Here peak Q values are
used to describe the occurrence of first-, second-, and
third-degree burns. Fourth-degree burns are predicted
when a steam blister forms and fifth-degree burns when the
peak temperature is adequate to char tissues.

PIG EXPERIMENTS

This section describes exposure of 20 pigs (30 burn
sites per pig) to & %0, and ruby laser. Included are dis-
cussions of:

o’optical and animal-handling procedures

e histological procedures and resu’ts

e criteria describing the
- formation of steam blisters, and
- degree of burns. 4

e comparison of radial and axial extent of
irreversible damage with model predictioms.

The CO, laser was continuous with a nominal power of 5 watts.
The ruby laser provided single pulses of 50- or 500-usec
duration with a maximum nominal energy of 25 joules. Both
lasers functioned somewhat below their nominal power/energy
levels. Beam powers were measured by means of a power meter
at various times during the experiments. In each set of
experiments, the power remained reasonably stable as will

be shown later in this section.
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Immediately before each exposure, skin temperatures
were stabilized at 27°C. This was achieved by contacting
the skin with a warm aluminum disk held at 37°C for one-
half minute.

Various aspects of the CO; experiments are shown in
Figure 9. Included are the test setup as well as pic-
tures of the resultant burns. The scale in the photograph
at the lower left is in-mm; it shows a typical fifth-degree
burn as evidenced by black char at the center of the burn
site. A third-degree burn is shown at the lower right as .
evidenced by the relatively large white circular area.
Around this and all other white areas is a red ring.

The photograph at the upper right shows burns created
by exposures to the CO 1asq§ with a power of 1.55 watts
and a beam radius at the 1/e“points of 0.710 em. Each
column represents a different exposure time. Burns in
columns A, B, C, D, and E were produced by 10-, 15-, 20-, -
7.5- and 5-sec duration exposures to the CO7 laser. Burns
in columns A, B, and C were white surroundea by a red ring
while those in column E were entirely red. Burns in column
D were predominantly red with a barely perceptible white
spot at the center. '

In the remainder of this section we shall discuss the
experimental procedures, compare model predictions with
those found experimentally, and interpret the data in re-
gard to heat-transfer coefficients and burn criteria.

Optical Setups and Measurements

CW CO2 Laser--To provide reproducible exposures care
was taken so that all burn sites were located at a fixed
distance of 150 cm from the laser. The normal beam
divergence produced a spot size of approximately 0.73 ctm
measured at the l/e2 points. The optical arrangement is
shown in Figure 10. Two folding mirrors are used. The
first mirror is used to change the beam direction in the
horizontal plane, and the second mirror is used to direct
the beam downward through an aperture onto the animal.
The aperture is an adjustable iris so that all or any por-
tion of the beam may be used. Further increases in beam
diameter may be made by replacing the first mirror with a
convex mirror of long focal length. Exposure times are
controlled by an electromechanical shutter driven by an
electronic interval timer.
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Electro-

mechanical
shutter
CO; laser — /,~~‘\
Aperture ) ‘.\‘3
plate )
92 om
--------------------- *—- - e - e T e - m e - .
Flat or
Flat mirror, 45° convex mitfor
Top view

— Flat mirror, 45° :ggsugrmirror
ﬁ——-—« ———————— - Mm‘»
ﬁ‘\\\\..coz laser

erture plate
e bl

_~~""_ (adjustable iris)
- Animal

Side view

Figure 10. Optical system for controlling animal
exposure (CO2 laser).

36




The entire optical system described above, along with
laser power supply, is mounted on a portable cart to enable
the system to be moved to the animal facility.

Beam profiles for our CW CO2 laser are presented in
Figures 11 and 12, Figure 11 presents the profiles of the
beam as it leaves the laser, while Figure 12 presents the
profiles after the beam is expanded by a convex mirror.

The two profiles represent the profiles in two perpendicu-
lar directions. These profiles were obtained by traversing
a 0.030-cm pinhole across the beam in steps of 0.064-cm,
and measuring the power passing through the pinhole. The
mean deviation of the power measurements from the curves

of Figures 11 and 12 was 0.05 milliwatts.

All profiles shown in Figures 11 and 12 are essentially
gaussian in shape. Notice, however, that the beams are not
quite circular--deviating in radius by about 5% in the two
directions. In this regard we shall use the mean value of
the two radii cited in each of the figures.

Ruby Laser--The ruby laser operates in two modes at a
wavelength of 0.6943 ym. The first mode provides 25 joules
of energy over a pulse duration of 500 usec. The second
mode provides a variable output of 0 to 10 joules with a
pulse duration of 50 usec. Repetition rates may be varied
provided there is a minimum of 60 sec between pulses.

The setup used to expose pigs to the ruby laser is
shown in Figure 13. In essence the beam passed through a
prism and a Galilean telescope before being diverted down-
ward through a second prism. Measurements of the beam
profile were made using the same procedure as that described
for the €Dy laser beam. Results are shown in Figure 1l4.

Animal Procedure, Autopsy, Histological Procedure, and Results

Twenty pigs. each weighing approximately 27 kg were used
in the experiments. They arrived at the animal facility at
least 1 to 2 days before bein% used in the experiments.

Food and water were withheld from the animals the night
before exposing them to the lasers.

Three to four pigs were exposed each day. The pigs were
first tranquilized with Sernylan (0.5 - 1.0 mg/kg), making
them groggy and allowing administration of pentobarbital
through a catheter placed in their ear vein. Pentobarbital
was infused as needed--based on the response of the animal
to external stimuli. Although it was originally planned to
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Afocal optical system,
Galilean telescope

—= Prism

Top view

/ Prisms -
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End view

Figure 13. Optical system for ruby laser.
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Figure 14. Profile of normal ruby laser beam.
Curve is '"eyeball" fit to the data.

use Sernylan for the entire procedure, it was difficult to
keep the animals quiet with only this agent. Iuntobarbital
proved to be an excellent anestZetic and none of the ani-
mals died during its use. Care had to be taken, however,
since it is easy to overdose the animals with pentobarbital.
One animal show:d respiratory arrest, but imm liate adminis-
tration of artificial respiration as well as the respira-
tory stimulant Dopram revived the animal.

Once the pig was sufficiently anesthetized, the animal's
fiank was shaved with an electric razor. Extreme care was
taken since this can produce some erythema or even abrasions.
The hair remover (Nair) was subsequently applied for approxi-
mately 10-15 minutes after which it was rinsed off with warm
water. Two applications of Nair were usually necessary to
rﬁ?ove all the hair and to produce a smooth, abrasion-free
skin. .

41

‘e




Fifteen areas were marked and numbered for reference
purposes with indelible ink on each side of the animal.
All burn sites were completely white. These areas were
varied in size, depending on the laser exposure, to assist
in detecting barely visible burns at autopsy.

Deep anesthesia was required when the animals were
actually exposed to the lasers since they have a tendency
to flinch their skin. . Just before exposure, pentobarbital
was administered until the second or third (surgical) stage
of anesthesia was obtained. After exposure to the laser
beams, the pigs were kept overnight in individual cages to
prevent the exposure sites from getting dirty and other
pigs from biting and licking at the burn sites.

Twenty-four hours after the laser treatment, the pigs
were euthanized. First they were tranquilized with Sernylan
and then received an intravenous administration of Euthobarb.
The pigs were immediately autopsied. Deep cuts were made
some distance from the edges of the burn sites and went all
the way through the fat to the abdominal muscle layers.

The tissues were placed in plastic bags containing Bouin's
fixative and delivered to the pathologist for sectiening and
observation. : ~

Once these techniques were developed, the entire pro-
cedure became very routine and no difficulties were encoun-
tered. ‘ '

Histology Thicknesses/Depths of Skin and Other Media--
From THé outside 1nwards, the skin consists of a thin epi-
dermis that is composed of several layers of cells and a
thicker dermis that is composed of connective tissue. Under-
neath the dermis lies a layer of fat. Glands, hair follicles,
and small blood vessels are also present in the skin.

Thicknesses of significant normal structures of pig
skin are listed below:

Epithelium or epidermis: 0.0081 - 0,0161 cm
(mean = 0.0121 cm)

Dermis: 0.1078 - 0.2479 cm
{mean = 0.1779 cm)

Capillaries were located at depths ranging from 0.0135 to
0.0216 cm while glands or hair follicles ranged in depths
from 0.1617 to 0.2695 cm (mean = 0.2156 cm). All of the
above measurements were corrected for tissue shrinkage.
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Qualitative Effects of Excessive Heat--When the skin is
damaged by lasers, cells will die. Cell death or damage may
be indicated by a complete absence of the cell or more subtle
changes in the appearance or staining reaction of the cell
nucleus or cytoplasm. Concomitant with cell death is normally
an influx of white blood cells attempting to remove the dead
and damaged cells. The extent of damage caused by the laser
beam is therefore indicated by the depth and radius in the
skin that dead cells can be found as well as the presence of
white blood cells.

Depending on the characteristics of the laser beam, the

damage varies in depth but occasionally goes all the way
into the fat layer. Some cells are more sensitive to laser
damage than others. For instance, cells lining blood vessels
and glands are particularly susceptible, whereas fat cells
are less susceptible than other cells of the dermis. Thus,
it is possible to find areas, particularly in the fat and
also in the dermis, where the blood vessels and glandular
cells show damage but the surrounding tissue cells do not.
A sharp line of demarcation between damaged and undamaged
tissue is therefore not present. In the measurements, the
furthest point was taken at which any cell damage could be
observed. \

Histology Procedures and Observations--A total of 582
of the 600 burn sites were submitted for histological examin-
ation. The skin samples were received fixed in Bouin's
fixative. They remained in fixative 1-3 days and were then
washed in three changes of 50% alcohol to remove the fixa-
tive. The tissue was trimmed for processing by cuttin%
through the center of the burn site, embedding one hal

with the lesion down to insure sectioning through the cen-
ter of the lesions for accurate measurement. e other

half was stored for future reference. The tissue was then
dehydrated in alcohol, embedded in paraffin, sectioned at 6
microns and stained with hematoxylin and eosin. Four to six
sections were cut from the face of the paraffin block to
obtain a section through the lesion center.

The tissues were then evaluated bg histologic examina-
tion and the radius and depth of the thermal damage were
deterimmined. The injured tissue is described as follows.
There was coagulative necrosis of varying depth at the burn

- site with loss of epithelium covering some of the more

severe burns. The pattern of necrosis was roughly the
shape of a flattened cone. Epithelial cells had pyknotic
or shrunken dense nuclei or occasionally fragmented nuclei.
The cytoplasm lost its basophilia and was more eosinophilic
than adjacent normal epithelium. Similar changes were seen
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in cells lining the hair shafts. Necrotic fibroblasts were
detected by the presence of pyknotic nuclei; cytoplasm was
too sparse to be visible. The upper layers of collagen were
blue in color and the filamentous structure was obscured.
Deeper in the lesion, the collagen retained its structure

but was altered in color. Deeper there was an indistinct
region of questionable change although cellular elements

at this level were necrotic. There was mild and variable :
polymorphonuclear infiltration at the deep edge of the lesion.

Some cellular elements were more sensitive to injury than
others. They were necrotic at a greater depth than resistant
tissues. Thus there was no sharp edge to the burn lesion.

The blood vessel endothelium and supporting tissue are most
sensitive as well as the glandular epithelium. Fat tissue
and fibroblasts are less sensitive than the above elements.
Glands and blood vessels well within the panniculus adiposus

were necrotic in some animals but the surrounding fat was
normal.

The depth of the lesion was measured to the deepest
point of observed damage. The radius was very precise in
its outline as the surface epithelium presented a sharp
junction of normal and injured cells. VWhen the epithelium
was lost from the surface, the depth measurement included
an estimate of its thickness.

Dimensional Changes of Skin Specimens--Skin specimens
contract upon belng excised from the animals. Further con-
tra:tion was observed in preparing the specimens for histo-
logic measurements. No dimensional changes occurred between
expesing and sacrificing the animals.

Skin contraction caused by excising was quantified by
comparing photographs of the burn sites before and imme-
diately after excising. From these photographs the follow-
ing results were obtained:

e Normal undamaged skin contracts linearly along
the surface by 12.0+3.2%. This figure applies
to each of two directions along the surface of
che skin. .

e Burn sites contract much less than undamaged
skin, i.e., only by 2.2+4.27%.

Based upon the above results, burn radii measuxec using
excised skin should be multiplied by 1/0.978. To arrive at
the correction factor for burn depth, we shall assume that
skin volume remains constant. Ihis means that burn depths
:hould be multiplied by (0.978)<.
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To correct for shrinkage caused by subsequent treatment
of the specimens, scaled photographs of cross sections of
excised skin were compared with photo§raphs of the same
cross sections after completion of all histologic prepara-
tions. These photographs showed that the radii were reduced
by 10.3+4.27 while depths were reduced by 11.3+5.57%.

The above results indicate the following factors for
correcting histologic measurements

(1/0.978)(1/0.897) = 1.140 for burn radii
(0.978)2(1/0.887) = 1.078 for burn depths.

Bufn Results

A total of 19 pigs were exposed to the CW CO, laser and
1 pig to the ruby laser. Only one pig was used for the ruby
laser in that it was not sufficiently powerful to cause any
burn damage. :

Tables 5, 6, and 7 present the histologic determinations
of the depths and radii of damage for three different CO,
beams, namely

Power CO02 Beam Radius at 1/e2 Point
1.53 + 0.04 watts 0.710 cm
1.97 + 0.07 " 0.383 "
1.55 + 0.07 " 0.383 "

The difference in powef of the smaller beam (0.383 cm) was
caused by a drift in power during the period between the two
sets of experiments. .

These tables include approximately 75% of the burn sites.
Remaining burn sites were omitted because of one or more of
the following reasons

e sites were too small to be evident

o sites were elliptical in shape

o specimens curled or were lost in transit.

Exposure times were controlled electronically via a shutter

system with an estimated accuracy of a few hundredths of a
second.
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TABLE 5. HISTOLOGY RESULTS FROM CO, EXPOSURES
(1.53 + 0.04 watts, beam radius at 1/e< points = 0.710 cm)

Pulse duration Number of Damage Depths of damageb

(sec) measurements@ radiib (cm)
(cm)

03.0 23(24)  0.0997 + 0.0432 0.0211 + 0.0101
04.0 22(26) 0.1747 + 0.0603 0.0357 + 0.0170
05.0 52(52) 0.2237 + 0.0570 0.0567 + 0.0423
06.0 10(10)  0.2835 + 0.0537 0.0438 + 0.0345
10.0 22(22) 0.3708 + 0.0582 0.1294 + 0.0483
15.0 21(19) 0.4326 + 0.0670 0.1419 + 0.0410
20.0 22(20) 0.5100 + 0.0956 0.2594 + 0.0957
30.0 17(12) 0.5632 + 0.0531 0.2430 + 0.0396
40.0 19 (4) 0.6344 + 0.0667 0.3799 + 0.2095

2Rgdial measurements plus depth measurements given in parentheses,

bpimensions corrected for tissue shrinkage.

HISTOLOGY RESULTS FROM C0Oz EXPOSURES

¢1.97 + 0.07 watts, beam radius at 1/e2 points = 0,383 cm)

Fulse duration Number of Damage Depths of damageb
( sec) measurements@ radiib (cm)
(cm)
0.3 4 (4) 0.0800 + 0.0330 0.0167 + 0.0063
0.4 19(19) 0.1282 + 0.0316 0.0160 + 0.0055
0.6 28(28)  0.1940 + 0.0333  0.0351 + 0.0145
1.0 25(25) 0.2531 + 0.0418 0.0290 + 0.0127
2.0 6 (6)  0.2655 + 0.0405 0.1004 + 0.0246
2,0 0 (5) - 0.1177 + 0.0140
5. 11(14) 0.3627 + 0.0605 0.1878 + 0.0446
7.5 10 (9)  0.3910 + 0.0712  0.1476 + 0.0527
10.0 14 (9) 0.4328 + 0.0616 0.1749 + 0.0566
15.0 13(11) 0.4806 + 0.0631 0.1979 + 0.0619

2Radial mes

bpimensions corrected for tissue shrinkage.

T
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TABLE 7. HISTOLOGY RESULTS FROM CO2 EXPOSURES
(1.55 + 0.07 watts, beam radius at 1/e2 points = 0.383 cm)

Pulse duration Number of Damage Depths of damageD
(sec) measurementsd radiib (cm)
(cm)
0.3 10(10) 0.0326 + 0.0257 0.0079 + 0.0022
0.5 10(10) 0.1018 + 0.0369 0.0132 + 0.0060
2.0 10 (9) 0.2246 + 0.0800 0.0432 + 0.0196
5.0 14(14) 0.3082 + 0.0218 0.1183 + 0.0190
7.5 11(14) 0.3652 + 0.0366 0.1784 + 0.0197
10.0 14(14) 0.4006 + 0.0307 0.1430 + 0.0502
20.0 25(25) [ 0.4431 + 0.0575 0.2738 + 0.0412

4 Radial measurements plus depth measurements given in parentheses.

_ bpimensions corrected for tissue shrinkage.

On a percentage basis, the mean standard deviations
associated with the damage radii of Tables 5, 6, and 7 are
21.3,-19.7, and 26.9%, respectively. Mean standard devia-
tions associated with depths of damage are 47.1, 31.6, and
28.0%, respectivelg. In each case the radial measurements
are more precise than the depth measurements due in large
garthto variations in skin composition and contours with

epth.

Plots of the tabular results are presented in Figures
15 through 17. Again one can see the greater variability
in the depth measurements.

Skin burns are evident as a consequence of discolora-
tion. With marginal burns, the sites were a pinkish red
and remained so during the 24 hours prior to sacrificing
the animal. More severe burns exhibit a white area sur-
rounded by a well-defined red ring. Radii of these circu-
lar areas were measured by means of microcalipers (finest
dial reading = 0.003 cm). These measurements were made
within 1 hour following exposure and immediately before
sacrificing the animals. No pronounced differences were
noticed in the measurements. Results are presented in
Table 8.

e e Pkt A e 4 meeegs 42—

By comparing the radii given in Table 8 with those
given in Tables % and 6, it may be observed that the radii
of the red areas correspond reasonably well with the radii
of irreversible damage for each of the exposures.
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TABLE 8. RADII OF RED, WHITE BURN AREAS PRIOR
TO EXCISING SPECIMENS (CO; EXPOSURES)

Incident  Beam radius Pulae Radii of Radii of
beam at 1/e? points duration red areas white areas®
power (cm) (sec) (cm) (cm)
(watts)
1.53 0.710 5.0 0.287 + 0.611 0.177 + 0.014
" " 10.0 0.402 + 0.029 0.267 + 0.023
" " 15.0 0.434 + 0,036 0.316 + 0.036
" " 20.0 0.485 + 0.018 0.391 + 0.032
" o 30.0 0.550 + 0.031 0.444 + 0.032
" ™ 40.0 0.606 + 0.041 0.504 + 0.032
1.97 0.383 7.5 0.368 + 0.027 0.342 + 0.026
" " 10.0  0.400 + 0.034 0.366 + 0.016
" " 15.0 0.426 + 0.024 0.392 + 0.020

a"yhite'" areas produced by 1.53-watt exposures were 1
distinct than those produced by l.97-wattx2xposures. ¢ fess

Three different ruby laser exposures were used, namely

Number of Ruby bgam radius
exposures Pulse energy. time at 1l/e< point

12 3.48 joules (500 usec) 0.17 cm

3 11.8 joules (500 usec) 0.77 cm

5 5.9 joules (50 usec) 0.77 cm

Histologic examinations of skin sites exposed to the ruby
laser revealed no damage whatsoever.

Criteria for First-, Second-, and Third-Degree Burns--
Third-degree burns are completely white without blisters or
charring. Radii of white areas shown in Table 8 are larger
than that of any blisters. The mean'valze of the damage .
integral at these radii was (1.0+1.0) 10%. The large stan-.
dard deviation is attributable to the fact that small errors g
in temperature (or location) produce very substantial changes
in Q.

Third-degree burns may be estimated using the above {
vaiue. Second-degree burns should have a @ value of 1 ~
based upon the agreement between the damage radii presenited
in Tables 5 and g. and the red burn radii of Table 8. F.r:t-
degree burns should have a " Q value of the order of 0.1 or
less. More precise definition is not possible in that suca
burns were not evident during the course of the pig experiments.
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Criterion for Fourth-Degree Burns (Steam Blisters)--
Blisters form as a consequence of pressures developed inter-
nally by trapped steam. We have found that the skin sepa-
rates at the epidermal/dermal interface. Measurements of
the blister radius produced by 20-sec 902 pulses (power =
1.55 watts, beam radius = 0.383 at 1l/e“ point) yielded
values of 0.220+0.073 cm. At this blister radius, the
model predicted a peak temperature of 131°C. This temper- |
ature represents a simple first-order criterion for pre- : :
dicting the formation and growth of steam blisters. At |
this temperature, superheated water would develop pressures )
of two atmospheres. 1

Criterion for Fifth-Degree Burns--Fifth-degree burns
arise when tissues char. Char areas are always surrounded
by white and red rings. Steam blisters will usually form
before the start of charring.

Charring represents a complex temperature/time depen-
dent process (24). Tissues will char upon exposure to
temperatures of a few hundred degrees centigrade and higher,
depending upon the exposure times. Based upon our experi-
ences with other organic materials we have assumed a tem-
perature of 400°C in view of rhe short exposure times to
such temperatures.

With the CO7 laser power of 1.55 watts and the beam
radius of 0.383 cm (1/e“ points), black spots formed on
blisters in 10 of 25 20-second exposures. No char was ob-
served with 10-second exposures. To achieve epidermal
temperatures of 400°C, the code indicated a heat transfer
coefficient (associated with heat tgansfer icross the _
vapor space) of approximately 6:10-Y cal/cmc-sec-°C. Heat
fluxes crossing the blister space are egual to the product
of the above value and the temperature difference across
the blister. While these fluxes can be appreciable, they
are small by comparison to conductive fluxes just prior to
blister formatiom. :

Comparison of Predicted and Experimental
Radii/Depths of Irreversible Damage

CO»> Laser Exposures--Table 9 compares predicted radii
and depths of Irreversible damage with their experimental
counterparts. Experimental data are from Tables 5, 6, and
7. Overall it may be observed that the agreement is good.
The one exception is the degths of damage produced by the
long-duration exposures to 1.97 watts. This discrepancy
is probably due to the presence of fat beneath the skin.
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TABLE 9. COMPARISOWN OF PREDICTED AN, EXPERIMENTAL DAMAGE
RADII AND DEPTHS (CO2 LASER)

Radius of damage (cm)  Depth of damage (cia)

Power, Bea! radius Pulse dur-

(wates) at 1/e4 point (cm) atior. (sec) Exp Calc Exp Calc
1.55% 0.383 0.3 0.0326 g 0.0072 ]
1.35 0.383 0.s 0.1018 0.GRO7 0.0132 0.0147
1.55 0.383 2.9 0.2246 0.276€ 0.0432 0.0654
1.55% 0.383 5.0 0.3062 0.3519 0.1183 0.1385
1.55 0.383 7.5 0.3652 0.3770 0..784 0.2579
1.55 0.383 10.0 0.4006 0.4013 0.1430 0.2985
1.55 0.383 20.0 0.4431 0.4498 0.2738 0.3011
1.53 0.71¢ 3.0 0.0997 0.0364 0.0211 0.0137
1.53 0.710 4.0 0.1747 0.2078 0.0357 0.0272
1.53 0.710 5.0 0.2237 0.28i4 0.0567 0.0407
1.53 0.710 6.9 0.2835 0.3254 0.0438 0.0542
1.53 0.720 10.0 9.3700 0.4127 0.1294 0.1229
1.53 0.710 15.0 0.4326 . 0.4882 0.1419 n.1433
1.53 0.710 20.0 0.5100 0.5277 0.2594 0.2890
1.53 0.710 30.0 0.5632 0.6043 0.2430 0.2739
1.53 0.710 40.0 0.634% 0.6446 0.3799 0.3251
1.957 0.710 0.3 0.0800 0 - --
1.97 0.710 0.4 0.4282 0.0955 0.C160 0.0169
1.97 0.710 0.6 0.19340 0.1792 0.0351 0.0277
1.97 0.71¢ 1.0 0.2531 0.2444 0.0250  0.0454
1.37 ¢.710 2.C 0.2655 0.3065 0.1004 0.0695
1.97 0.716 3.0 - 0.3420 - 0_¢260
1.97 0.710 5.0 0.3627 0.3754 0.1878 0.2467
1.97 0.710 7.5 0.3910 0.4081 0.1476 0.2376
1.97 0.710 10.0 0.4328 0.4290 0.174% 0.3200
1.97 0.710 i5.0 0.4806 0.4531 0.1979 -

~

Such fat is much more difficult to damage than skin tissues,
while media such as glands, and bluod vessels are not.

As a consequence depths of damage beneath the skin were
highly dependent upon the presence of glands or blood ves-
sels in regions of pronounced heating.

Ruby Laser Eggosureg——ﬂo irreversible damage was pre-
dicted for the 5.9 and 11.8 joule exposures involving a beam
radius of 0.77 cm described beneath Table €. This, of course,
is what we found experimentally. However, damage was pre-
dicted as a consequence of the 3.48 joule exposure with a
beam radius of 0.17 cm. The damage extended over a radius
of 0.1541 cm and a depth of 0.1067 cm. This findin% con-

licts with the fact that no damage was found histolcgically.
Only one explanation could be advanced for this discrepancy--
namely attenuation of the laser beam by vapors/particulates
released by beam impact.
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Experimental results are consistent with observations
of Kuhns et al. (12) and Lawrence (13). Kuhns indicates
that 42 joules/cm? are needed to produrce a slight lesion in
white pig skin. If all the energy of our ruby laser were
contained, within 0.17 cm, the energy density would be 38.3
jOules/cmz. ’

To gain a better insight into the magnitude of any
attenuation, a compute rua was executed with the incident
reducec: by half. The predicted radius and depth of damage
were s1ill significant, namely, 0.1142 and 0.0558 cm, re-
spectivpnly. Figure 18 shows that the temperatures are very
appreciabhe even when only half of the incident energy is
considevec. These results suggest that attenuation is very
substantijl.

F
100
L— Radius = 0 (Beam axis)
L— Radiys = 0.068 cm
s L—  Radius = 0.136 cm
s
a
= //— Radius = 0.204 cm
e /
o
a 50
& _— |
[ R e
-
=
Lt
g Initial temperature
= Note: Temperature waves
due to variations of
absorption coefficients
with depth.
¢
0 0.1 0.2 0.24

DEPTH BELOW SURFACE OF SKIN, cm

Figure 18. Temperature predicticas due to ruby laser pulse
(pulsz energy = 1.74 joules, pulse duratjon =
5-10"" sec; beam radius = 0.17 cm at 1/e“ points).
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SUMMARY AND CONCLUSIONS

The skin model provides a wide variety of options to
the user. These include
@ laser exposures involving
- single pulses

~ multiple pulses which are identical; or have
different powers, durations. and repetition
rates

- any wavelength
Beam profiles may have any shape provided they are radially

symmetric. Incident beams are considered normal to the
surface of the skin.

The model allows for
e differences of thermal, optical, physiological

properties with depth

e tamporal changes in optical/thermal properties
and in water content

blood flow variations with depth
formaticn/growth of steam blisters

heat losses to the environment

heat losses in transforming water into steam
interception of radiation by a hair follicle.

The model predicts transient temperatures, extent of irre-
versible damage, and degree of burn. .

Basic techniques used to develop the model are described
in the section "Skin Model" and in Appendixez A and B. Opera-
tional details are described in Appendix C. Input data for
the code are given in the section "Data Needed by the Skin
Model," and sample computer runs are presented in Appendix C.

Depths and radii of irreversible damage predicted by
the code were generally in good agreement with those deter-

- mined histologically from CO; laser exposures of pigs, but

there was poor agreement with exposures of pigs to our ruby
laser. In this case, the model predicted appreciable damage
while none was evident from histologic observations. We
suspect that the discrepancy is due to the attenuation of
the beam by vapors and particulates rather than due to data
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errors. Material discharge was observed on imgacting the
skin by the intense ruby pulses. Similar discharge was not
produced by the COp beam in that the CO, laser power is
several orders of magnitude less than the ruby laser.

Beam attenuation, if such is the cause of the above
discrepancy, is very appreciable. Model runs indicate that
beam intensities must be reduced by more than half before
damage becomes insignificant. This aspect of the problem
remains to be resolved. For this reason, we recommend that
analytical/experimental studies be undertaken to determine
the conditions under which attenuation becomes important
and devise means to account for such in the model. Unless
this is done, large uncertainties will exist in the model
predictions involving rapid delivery of energy.
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APPENDIX A
FINITE-DIFFERENCE METHOD USED TO CALCULATE TEMPERATURES

INTRODUCTION

In this appendix we shall describe the finite-difference
technique for predicting transient temperatures in biological
tissues. The technique provides for awide variety of thermal
conditions and was originally developed by Peaceman and
Rachford (17). Subsequently it was applied to problems in-
volving cylindrical coordinates by Mainster (14) and then by
Takata (23) to predict laser-induced thermal damage to eyes.

In essence the method is based upon finite-differences
in which thermal gradients associated with one of the coor-
dinates are treated implicitly while the gradients in the
other coordinate are treated explicitly. This procedure is
reversed following each set of calculations. The result is
stable, accurate temperature predictions using time step
orders of magnitude larger than those required by standard
explicit finite~difference techniques.

" Here we have upgraded the technique to accommodate

¢ heat losses to the environment ,
o thermal effects of variable b;ood flow with depth
e steam blisters

o heat losses due to the generation of escaping
steam

° temporal as well as spacial variations of thermal
properties

FINITE-DIFFERENCE TECHNIQUE

Three assumptions are made in’ developing the finite-
. difference equations. These are

e Initially the biolbgical media is at a uniform
temperature. Bilological heating 1s neglected.

, e Blood flow acts as a heat sink in which blood
! enters incremental small tissue volumes at the
‘ initial body Ltemperature of the tissues and
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leaves at the tissue temperature. Changes in
the blood flow with temperature are neglected.

e The heat-transfer coefficient associated with
environmental heat exchange is considered con-
stant independent of temperature.

These assumptions do not reflect upon the capabilities of

the method and can easily be upgraded or eliminated according

to how well one is able to quantify each of the phenomena for
specific individuals and environmental conditions.

Spacial Grid

To conserve on computational time, an expanding grid
is used as illustrated in Figure A-1l. Within regions of
greatest heat deposition, small uniform Ar, Az spacial in-
crements are selected. Here the region of most pronounced
heating is considered located just below the surface as
would be the case for skin burns. In this figure, the
first N1 radial increments, i.e. Arj, Ary ... Aty are equal
as are the first Ml axial increments Az, Azp ...7AzMj.
Beyond the uniform grid, the radial and axial increments
are progressively increased as follows:

Ar.

41~ ClArj, j =Nl toN | . (A-1)

= C,Az

One important condition needs to be satisfied in selecting
the grid--that is that the expanded grid must extend into
regions of negligible temperature rise.

Problem Définition
In the equations to follow, all tissue temperatufes v
are measured from the environmental temperature v, to sim-
plify calculations of environmental heat transfer.

Heat Conduction Equation:

v . w o, K3v , 3 dvy o 3 3V .3 _
pCEE q+ r 3r + ar(Kar) + az(Kaz) E'va 9 (A-3)

Initial Condition:

V=V, -V (A-4)




Arl

. ' Surface. of Skin
Z
ZM1+1
4
M+l
1 N1l Il

Figure A-1. Radial and axial grid points and increments.
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Boundary Conditions:

k3 = 0 at r = 0, all ¢t (A-5)
v . : = ' -
-Ko¥ h v at z =0, t> 0 _ (A-6)

Vav, = Vg as r+w, z+® (A-7)

Steam Blisters:

kY| =k =n v -v] ) . (A-8)
- 92 -
Z § zw-l-('s Zy, )
Finite-Difference Approximations
The following finite-difference approximations are used
to represent the various partial derivatives of equation A-3,

subject to the gradients at various boundaries expressed by
equations A-5, A-6, and A-8 for time index k.

v -V
X&) S [iti+1+k_ m‘l'k]. j=2, ... N, all i
r. ij rj rj+l rj_l . . .
=0, j=1, all i (A-9)
2 k3 |
i,
v ["i.jﬂ.k T Vik Vg k ” Ve,3-1k)
Ty417Tj-1 Ty4l T Ty Iyt Ty d
K - K v - v
O P52 S P L [ i‘j:—Lk - rhi'l'k]. j=2,...N, all i
Ti+1 - T3-1 341 3-1
2K 4
Ar » ? } H
l ,
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[

) oV
==(K=) |
3z oz 1,3

_ %Ky g ["1+1.j,k “ V3 gac Vigk " Vi-1,4 K]

T Zi4 T % 21417 % 17 Fi-1
+ Ki:l.i: ‘z‘i-le ["i+léj K :i-l»J’k] , i=2, ... M, all j
Zi41 T %11 i+l - %i-1
Ky : o +K
= LJ"ZZK 218 0v) § v oK) ‘7::;1“’1,3' J VL5 k2
i=1, all j (A-11)

Steam blisters are allowed to form or spread radially
whenever a given temperature is achieved at the depth zj.
For values of I greater than 2, the following two equat{ons
replace the particular expressions of equation A-1l with i,
j values associated with the blister.

) v 2
=KD | -
9z " dz I-1,] zI Zy.9

[*\a“’x.j R SRS

S D O S VI-L.’L&]] (A-12)
L S T

3,50V 2 ‘ VI+ljk'VIjk]
—""(K ) = [K [ .l 2 2.4 2
8220zl ¢y zpyy - 2roy | LI L Zraag - 71,4

AN I "I-l.J.k)] | (A-13)

For half time steps, one merely replaces k by k+1/2. For an
I value of 2 one uses the following expressions.

1 o |
- z‘z‘l'[ fe (L gk V1L g ey2) T PRt T "z.J.k)]
| (A-14)
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(K + K, 4)
2 2!1 3,;
- E;E\W. (vl,J,k - Vz’j.k) + 23 oy 22 ?

] v
s (K23 |
9Z ‘32 2,3

3,3,k " V2,3,¢] | (A-15)

Finally the expression for rates of temperature change is
simply described as follows: A . ) {

. 2p, ,C ' 4

v i,371.]

pCoe = 22 (v -v ), all i, j, k X
LI R 0,3, k02 T VL5 k 16 |

where At =t - b (A-17)

Finite-Difference Equations

Here half-time steps Atk/2 are considered. During the
first half-time step, radial gradients are treated explicitly
while axial gradients are treated implicitly. This set of
equations is termed ROW. During the second half-time step,
the radial gradients are treated implicitly while the axial
gradients are treated explicitly. This set of equations is
termed COLUMN.

Substituting the finite-difference approximations of equa-~ .
tions A-9, A-10, A-11 and A-16 into ‘equation A-3 yields the fol-
lowing set of equations:

ROW:

S ALV g ang2  Bg(L3) + 20y 58y 3/AEDVY y wyaga
- A3(i'j)vi+1,3,k+1/2 = 131(31.,3)\71’_1_1’k - By, vy 5k

+ By 3V yaq 1t 20y 301 3V, 3, k08 * T 5 ke1y2

- 95,5, k+1/2 (A-18)

COLUMN :
R P

- By LDV yq jar * (Bp(Ld) Zpi’jci’j/Atk)vi,j.k+1

- By vy gag e T ALV g gz T A2V g 2
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* A3V g ka2 200,58y Ve g ke /208 Y 91 g k12
- Zl-i,j,k-i-1/2 (4-19)

Expressions for the coefficients Al’ AZ' A3, Bl’ 32, and 33
are presented below

Ap (L) = Ky 21 () + (Ryyp 5 - Ky 0Z,(D) | j
Ay(i.3) = Ky 5Z3(1) + E,C,/2 | b i=2, ... M, all}j 1
A3(i’j) = Ki,jz4(i) - (Ki+1,j - Ki-l,j)ZZ(i)) (A-20)
A (i,3) =0

K, . + K h

N T 2,3 e . §

A, (i,j) = + +B,C /2 i=1, all j
2 J (Azl)z Az1 lcb

K, . +K
Ay(i,g) = Led2od (a-21)

(Azl)

By(i,3) = Ky yR1(3) + (&) g4 = K; IRy (D))
B,(i,j) = Ki,jRa(j) + Eicb/z »j=2,...N, alli

l B3(i,j) = Ki,jRQ(j) - (Ki,j+1 - Ki,j-l)RZ(j)4 (A-22) ;

‘ B, (i,1) = 0 ’ :
K. , + K _ h
b B,(i,1) = 1.2\ %il + B;C /2 + K_z-g 3 =1, all i |
to K +K ,j

o B (1,1) = -2 il ) (A-23)
5 . (Arl)
i

Whenever a steam blister forms or grows, one should re-
place those A}, A, and A, coefficients having i values of 1
and I-1. When I > 2 the coefficients are:




J‘-—-----—--t-rjﬂrﬂ_“*“TN‘AL:u__n-ma--wv -

A (I-1,3) = Ky 42 (I-1)

Ay(I-1,3) = KI_1.121(1-1)+§I_1Cb/2 + h 25 (I-1)

]

Ay(1-1,)) = h Zs(I-1)

A (1,3) 2h 24 (1)
A, (1,3) = KI.jz4(1) + BG/2 + h 2.(1)
Ag(1,3) = Ky, 324D (A-24)

If I = 2 one should replace those A, Ap,and A3 coefficients
having i values of 1 and 2 by

Ay(1,3) = (h + 2h)/z, + ByC /2
Aa(lnj) = 2%/21
A,(2.3) = 2h/z,

A,(2,)

2h, /23 + (Ky 5 + Ky 5)/(23(25-27)) + ByCy/2
A3(2,3) = (Ky y + Ky 1)/ (z5(25-2))) (A-25)

In equations A-20 through A-25 the functions, Rj, ... R&’
Zy1, ... Zsdepend only upon the grid variables rj, zj as
deszr:ribt-.d5 below

o 2 )
A e T DG D 4-26)
. 1
z,(i) = - "y (A-27)
2 (zj41 - 25-1)
z2.(i) = - ) + 2 (A-28)
3 i41 =230 (B4 = 23g) By =23 1002y = 249)
| 2
Z2,(1) = (A-29)
4 (2341 = 231 (234 - 23)
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Zo(i) = A-30
5 Zi41 - 24-1 ( )
s 1 2
R, () =- _— e+ (A-31)
1 rj(rj+1 rJ 1) (rj+1 rj_l)(rj - r._l)
. 1
R,(j) = - = 2 (A-32)
2 (ty4y - T3-1) _
RyQ) == ?(r ot E —5 )%r T, (-3
541~ T5-10 (341 ~T3) (T3 - T30 (55 - 7501
. 1 2
R,(3) = + = (A-34)
4 r (i - T3 (g - Tyop) (Tyyq - T5)

In matrix form, equation A-18 and equation A-19 are of
tridiagonal form with non-zero elements along the main dia-
gonal and on either side of the diagonal. Means for sc¢ ving
such matrices are described by Takata et al.(23) and involve
simple algebraic solution of each set of equations for ROW
and COLUMN. To illustrate the procedure consider the first
two exnressions of equation A-18 wherein i = 1 and 2.

These expressions are given below.

(A5(1,3) + 209 3Cp S/86)Vy 5 1hay2 ~A3(LDV) 5 ka1/2

) (2.3)v) 5 14172 + (Ap(2.3) 420y 4C) /AGIVY 5 41)2

A32. 303 ysay2 T G250 (A-36)

where Gy j and G2 j represent the values of the right-hand
side of éjuation A-18.

First equation A-35 is solved for vs j,k%%lz and used
to eliminate vy j k4172 from equation A- 6. e resultant
equation is then édtveﬁ for v2 i k41 % and used to eliminate
V2 5 Kt from the next expression { = 3) of equation A-18.
By’lép i‘ing the process for all M+l expressions of equation
A-18, one arrives at the following set of equations.
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45(1,3)

Vi,j,ktl/2 T TTF] O V2,3,kel/2 T D1 )
V2,5.k41/2 T T F,  V3,5,k41/2 T D2
> (A-37)

YM-1,§,k+1/2 - A3M1.3dvy 5 172 = Dyl

M, j,k+1/2 = DM

for i equal to 1: )
Fp = A (L3) + 20) 5C) /8t

El = -A3(l,j)/F1

D1 = Gl,j/Fl
for i greater than 1:
. . > (A-38)
Fy = Ay(1.3) + 2p; 5C; /8t + Ay(LLIE;
Ei = ~A3(i’j)/Fi

Dy = (G 5 + A (1,30 ()/F; J

Te solve equation A-37 for a specific value of j, one
first evaluates each of the terms Dj, Ef, and F{ of equation
A-38 for i values ranging rrom 1 to M. Then the temperatures
Vi, j k+l/2 are computed starting with i=M and ending with i=1
for-particular values of j. The result is described below:

D

™,j,k+1/2 T M

= -1 -
YM-1,3,k+1/2 T Pu-1 BT VML3 K412 (a-39)

v =D, + B v
1,j,k+1/2 1 Fl 2,5,k+1/2
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The procedure for solving equation A-19 is the same as
that described above for ROW. In doing so the arrays Ay,
Ay, and A3 of equations A-37 and A-38 are replaced by Bj,
By, and B3; the Gj 4 array assumes the values of the right-
hand side of equation A-19; and i is held fixed while j is
allowed to vary from 1 to N. - Order of the ROW and COLUMN
calculations is not important.

In solving equations A-18 and A-19, all terms on the
right-hand side of these equations are known apriori ex-
cept for the array j,k+1/2¢ This array describes the
rate of heat losses 1& Erans%ormin water into escaping
steam and is zero unless steam is being generated. At the
start of each full-time step Aty, all elements of the
array Eiﬁ k+1/2 are set equal to zero. Then the ROW and
COLUMN caiéutaéions are performed. If none of the pre-
dicted temperatures exceeds the temperacure X, of boiling
water, the computations are completed. Otherwise estimates
are introduced for § at the locations of excessive tem-
perature. Following each set of temperature calculations
“the trial @ values are revised according to temperature
deviations from that of boiling water, and a new set of
temperature calculations is conducted. Each set of cal-
culations utilizes temperatures computed fromthe previous
time step. Usually 4 trials are needed to arrive at the
appropriate ¥ values.

_ Once water is expended from as element, the particular
q $¢k+1’2 values are set equal to zerc. This, of course,
aii s temperatures to rise above the temperature of boil-
ing water.

Two techniques are used to determine Ty + 2;,Each
technique computes additive changes to the pf;¢¥o&é di,j,k+1/2
values. The first technique provides fine refinements and is
presented below. -

0T = Z,(vg 5041 - KP1, 300,97 0% (A-40)

The magnitude of the above correction is controlled via the
dimensionless factor Z,. Unless one encounters a problem of
convergence, this factor is set equal to 1. When Zy = 1,
the numerator of equation A-40 represents the excess uensi-

'~ ble heat per unit volume.

The second technique yields larger J corrections, and
is used when much of the heat absorbed from the laser es-
capes to other grid elements. In such instances, larger
corrections are needed to achieve ¥ values of the proper
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magnitude with the fewest trials.  Choice between the two
techniques is made by comparing the absorbed heat with the
rise in sensible heat when all § ,j ,k+1/2 values are zero.

g corrections are estimated by t ﬁe secona technique as fol-
ows:

: (Vi,j,k+1 - V8 g, pres)

94 ,§,k+1/2 (A-41)

where vsifj k+1 and Vi 3 k+l represent the temperatures be-
fore and following the’ qi k+172 change. The denominator
represents the temperature Aﬁangé produced by the previous
AqQ; while Xy - vi 1 ,k+1 represents the desired temperature
change needed to yleld, the temperature of boiling water at
1 atmosphere of pressure.

The expressions given by e uationa A-40 and A-41 are
only used if the resultant § values do not abstract more
heat than allowed by the availgble water. If the available
water is too small, then T is set equal to the following
expression

a'-;_ ,j,kt1/2 T wy )3 Q/Atk o - (A-42)

The numerator represents the amount of heat necessary to
transform the remaining water into steam. Once the water
is expended, temperatures will rise above that for boiling.

Generally 4 sets of temperature calculations are re-
quired to closely approximate the Qi ,k+1/2 values needed
to achieve temperatures of boiling water.

Immediately thereafter, the mass of egcaping steam is
subtracted from the amount of water per cm? surrounding
each of the affected grid points. Once the water has been
expended from the media surrounding a particular grid point,
all future T are zero for the grid point. This, of course,
allows temperatures to rise without bounds.

Errors

I N TT . PO TR LR S

Errors associated wit' the method are discussed by
Mainster (14). In his paper Mainster indicated that he
could maintain excellent computational accuracies in spite
of sequential increases of thi time steps. This was trxe
with KAt/(oCAz ) or KAt/ (pCAr4) values as large as 3:10
We concur with this finding provided the temporal/spacial
derivatives of the thermal gradients are not excessively
large. It is not true immediately following abrupt
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pronounced changes of heating such as at the start or end
of a laser pulse. At such times it is necessary to use
small time steps approximating those required by standard
explicit finite-differenca. Subsequent time steps may be
increased. In this regard we have found that the time
steps may be expanded sequentially by a constant factor
without adversely degrading accuracy as follows

Atygy = Cadty (A-43)

To maintain accuracies of the order of a few percent or less,
C3 should not exceed approximately 1.4. Accuracy will be
improved, of course, with smaller C3 values.

Nomenclature

Al,AZ_,A3 coefficients of temperatures

B blood flow per unit volume of tissue, g/cm3-sec

-Bl,BZ,B3 coefficients of temperatures

C sﬁecific heat, cal/g-°C

Cl’CZ'C3 factors used.to expand radial increments,
axial increments and time steps, respectively,
dimensionless

h heat-transfer coefficient, cal/cmz-sec—°C

index associated with axial grid incréments
or nodal points

I i index associated with all axial grid points
at depth of blister formation

3 index associated with radial grid increments

or nodal points
index of time steps
K - thermal conductivity, cal/cm-sec-°C

total number of axial increments

M1 number of uniform axial increments

N total number of radial increments

N1 number of uniform radial increments
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Q ‘heat of evaporation for water, cal/g

q(r,z) | radiant intensity per unit area, cal/cmz—sec

q rate of heat deposition into unit volume of
tissue, cal/cm’-sec:

q rate of heat loss per unit volume of tissue
due to the generation and escape of steam,
cal/cm3-sec

r radius, cm

t elapsed time from start laser exposure, sec

v temperature, °C

w maés of water per unit volume of tissue, g/cm3

X, temperature of bolling water (1 atm. of pres-
sure), °C

z depth, cm |

Z, dimensionless factor used for purposes of
convergence, usually equals 1

2, depth of steam blister, cm

8 incrementally small distance approaching zero,
cm

p density, g/cm3

Subscripts

b blocd

e environment

i,3 see above

k see above

M,M1 see above

N,N1 see above




initial or incident value

steam blister
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APPENDIX B

APPROXIMATE TECHNIQUE -FOR REDUCING
COMPUTATIONAL TIMES OF LONG PULSE TRAINS
(NON-CODED PULSES - CONSTANT LASER POWERS/TIMES)

INTRODUCTION

Long pulse trains involve numerous flux or power changes.
These numerous changes require many time steps because time
steps can only be expanded geometrically during periods of
constant flux such as during and between pulses. Immediately
following the start or end of each pulse, it is necessary to
return to small time steps to preserve accuracy.

Two options may be used to minimize the number of time
steps. The first applies to situations in which temporal
changes in the thermal properties are of negligible impor-
tance, and all boundary conditions are independent or linearly
dependent upon temperature. Under such conditions, the tem-
perature rises produced by each pulse are independent of each
other. This allows one to calculate the temperature rises
produced by a single pulse, and simply sum the contributions
from each pulse a%lowing for time differences. This tech-
nique was used for the eye models (23).

Figure B-1 illustrates the technique for treating mul-
tiple pulses allowing for temporal changes in the thermal
or optical properties. In essence the method eliminates
many flux changes by replacing several consecutive pulses
by a single "pulse' having the mean flux needed to conserve
energy from the several pulses. In doing so, selected pulses
are preserved to afford accurate temperature/damage predic-
tions during representative pulses of the train. Incremental
damage predicted during the selected pulses is then weighted
to account for all pulses.

" ACCURACY

This section assesses the consequence of vsing mean flux
.upon temperatures produced during succeeding pulses. The
total number of pulses shall be designated by nitn,, with the
first nj pulses replaced by the mean flux. The remaining nj
pulses shall be preserved and shown at the center of the first
group of pulses shown in Figure B-1. Accurac{ will be deter-
mined by comparing temperatures predicted during the last of
the njtn, pulses with exact temperatures in which all pulses

i
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are preserved. For this purpose we shall consider a semi-
infinite body in which the flux is uniformly distributed
over the surface. The energy will be considered entirely
absorbed by the surface.

To arrive at the exact surface temperature rises we
shall apply Duhamel's Principle to the solution (3) for
the surface temperature rises produced by a constant flux.
The temperature rise Tg at the beginning of the last of the
nij+ng pulses is given by ‘

Tg = V 7KoC zl (¥ nty - Vo, -1 (B-1)
=

while the temperature rise at the end of the last pulse is
given by

n1+n2-1
T, = ——v_—%_-é ¥ (VErgr - VaTy) (B-2)
n=0
where
q = flux during each pulse, cal/cmz-sec
K = thermal conductivity, cal/cm-sec-°C
p = density, g/cm3
C = specific heat, cal/g-°C

T ™ reciprocal of repetition rate, sec
T = pulse width, sec
Using the mean laser flux of 1q/79, ylelds the approxi-

gate_valuas}rsand '1‘e for 'I‘8 and Té, respectively, presented
elow:

T - —21d Fn,-1)t, - Vn,-Dt.)
s ra\f?EFE ( ‘(?91 2 o 2 o

n2°1 )
+ —29 (Yot - VYor.-0 (B-3)
vV 7KpC : Vot °
n-
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n=0

In examining equations B-1 through B-4 it may be noticed
that the ratios Tg/Tg and T/Te are independent of the flux
q and thermal properties K, p and C. They do however depend
upon t1/10 and upon the values for nj and ny. Results of
evaluating these ratios on a computer are presented in Tables
B-1 through B-3 as a function of nj and ny for three t/7,
values. It may be observed that tﬁe agreement improves with
the number of pulses ni and n2 for each of the three t/7q
values used, namely 0.1, 0.001 and 0.00001. The best agree-
ment is achieved with the smallest 1/t, value, namely 0.00001.
This value is more typical of the wvalues associated with
pulsed lasers than the other two values employed.

Of primary concern is the minimum number of individual
pulses ny to achieve accurate temperatures. In examining
Tables B-1 through B-3, it may be observed that 2 or 3
pulses will limit the errors in the peak temperatures to
less than about 27,. While errors in the temperatures at the
start of the last pulse are slightly larger, they are of
minor importance insofar as damage is concerned. Moreover
errors assoclated with indepth temperatures and twc-dimensional
heat transfer will be less than the values indicated above.

To follow transient changes in the damage, about 10
groups should be adequate to represent 100 or more pulses.
Less groups should be used with shorter pulse trains. . Re-
maining pulses should be placed at the end of the pulse
train and treated individually.

PROGRAMMING

This method requires accurate temperature predictions
during and immediately following selected pulses. The
selected pulses should be spaced at regular intervals along
the length of the pulse train. At least one pulse should
be preserved prior to each of the selected pulse or pulses.
All other pulses are represented by the mean laser power
distributed urniiformly with respect to time from one pulse
to the next.
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To illustrate the method we shall consider a train of
40 pulses. Six series of consecutive pulses shall be re-
placed by the mean power as illustrated by the squat areas
of Figure B-2. Number of pulses eliminated are presented
over the shaded areas. The beam power associated with in-
dividual pulses obviously exceeds the mean power as indi-
cated by the figure. Pulses yielding accurate temperatures
are blackened. At least one pulse should precede each of
these pulses to fully develop temperature transients.

Table B-4 indicatee the valueu needed for the arrays

NPG(L) and NPR(L) to structure the train as shown in
Figure B-2.

TABLE B-4. PROGRAMMING "MEAN POWERS" IETO NONCODED PULSE TRAINS

([

NPG(L) NTR(L) L NPG(L) WPR(L)

12
13
14
15
16
17
18
19
20
21

DO W 0 NGV WN-
AR N e b W e e N
O O N O O NOONODO
8'»-.-#0-;-&»»*0—0\0!!-'
8|'—v-v-~oo-4°e~4

pe pa

The index L indicates the order in which individual
pulses or mean powers are to be considered. The array
NPG(L) represents both the aumber of pulses and how they
are to be treated. For normal treatment of pulses, NPG(L)
is set equal to 1. NPG(L) values greater than 1 will re-
sult in replacement of the pulses by the mean laser power
as showa in Figure B-2.

The array NPR(L) should be get equal to zero except
for the ¢ 2cted pulsz2s. For the s:lected pulses, NPR(L)
is equal .. the number ¢f pulses represented by the gulse.
For example, the first "selacted” puise of Figure B-2,
showun as black, has an L value of 3. It represents 7
rulses, three preceding it and three in the series of 5
piilses following it. This is also true for the gelected
pulses with L values of 6, 9, 12, and 15.
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APPENDIX C
SKIN MOUEL
INTRODUCTION

The skin model consists of a main program plus the 8
subroutines listed below: f

e TIME that computes the time steps and associated 1
laser powers

o GRID that computes the grid increments (radial
' and axial)

o PROF that computes the laser intensities at each
of the radial grid points determined by GRID

e CWATER that computes the thermal conductivities
and volumetric heat capacities at each of the
grid points in terms of variable water content
inn the tissues

e BA that computes the matrix elements needed to
asscss the temperature rises

e HTDEP that computes tlie rates of energy deposi-
tion per unit wvolume nf tissue at each of the
grid points

e TEMP that uses the alternating explicit-implicit
finite-difference technique of the CORNEAI MODEL
to compute temperatures allowing for

heat losses to the environment

heat losses due to blood flow

heat losses due to transforming water into ;
Rteam ;

steam blisters

¢ DAMAGE that computes the cumulative thermal damage
at each of the grid points as well as internal
pressures created by superheated water




Code listings, nomenclature, and sample runs are pre-
sented a*t the rear of this appendix.

A flow diagram cf the major code routines is shown in
Figure C-1. Al% routines are used during the first time
step. Thereafter only the main program and subroutirnes

TEMP and DAMAGE are used unless water losses or irreversible
damage have not occurred. If water losses occur during the
previous time step, subroutines CWATER and BA are reentered
to reevaluate thermal properties and matrix elements. Con-
trol is exercised via the parameter IMAX which indicates

the maximum depth Z(IMAX) over which water has been lost
during the previous time step. During the first time step
IMAX is set equal to M (the number of axial intervals) to
ensure subroutine CWATER is entered.

When irreversible damage occurs, subroutine HTDEP is
reentered to reevaluate the rates of heat deposition using
the absorption coefficients of damaged tissue. Here the
parameter LMI is used for purposes of entry. During the
first time step it equals N. Thereafter LMI indicates the
maximum depth (Z(LMI)) of irreversible damage.

In the remainder of this appendix we shall describe the
code according to the listing presented at the rear of
this appendix. Statement numbers are in sequence in each
routine. We shall use these statement numbers for refer-
ence purposes. For example, 5.2 would be used to indicate
the second line following statement 5. Detailed informa-
tion required to operate the code are presented in the
Users Manual.

Nomenclature describing the variables tc be discussed
is presented at the rear of this appendix in alphabetical
order. Variables followed by dots are read into the code
as input data. _

DESCRIPTION OF COMPUTER PROGRAM
Main Program
This portion of the code performs the following functions
e reads input data

¢ calculates the DR and DZ increments along with
the maximum radius RN and the maximum depth ZM.

g o M <L e

® controls course of calculations

L e e a— g
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k=1

MAIN »-{ TIME}—=9= GRID }—={ PROF
PROGRAM (first time step)
k>1
IS Yes . <
IMAK>0 l
CWATER
No {
BA
‘ #
IS Yes
LMI>II > HIDEP
No
MP Note: % = index of time ctep = 1,2...KT
TE IMAX = the maximum depth index at which
water has been lost from tissue.
; IMI = the maximum depth index at which
1rzevers§b1e gamage occurs.
II = depth index where skin tissue is
DAMAGE alive,
Figure C-1. Flow diagram of skin model.
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T

e prints input data, temperatures, damage, and
peak pressure caused by superheated water

e interpolates extent of irreversible damage
(radial and axial)

e computes degree of burn

Data cards are read in sequence according to the numbers
shown in columns 73-80 of the listing. Numbers followed by
letters indicate the particular cards needed. For example
with uniform beam profiles one should use card (12, UNIF)
and not cards (12, GAUSS) and (12, IRREG). The latter cards
are for gaussian and irregular profiles, respectively.

With single-pulse exposures card 14,NC,1 is needed.
Card 14,NC,X is needed for pulse trains.

I1f the pulse train consists of uniform puleses (non-
coded) and is to be treated on a pulse-by-pulse basis, no
additional cards 14, ... are needed. Otherwise cards (14,
NC,GP) are required to group the noncoded pulses.

Coded pulse trains require cards labeled 14,CODED.

Statements 7.2-7.4--Here the heat-transfer coefficient
H is set equal to that for dry surfaces unless a sweat layer
is present. The value 0.0001 cm represents an arbitrarily
small sweat thickness below which sweat is neglected.

Statements 7.3-9.3--These statements are used only if
sweat 18 conslidered. The arrays TH, ABS, TB, and BL are
adjusted to allow for the depth of sweat TSWEAT.

Statements 11.1-18.4--This portion of the code com-
putes the radial increment DR and the radial extent X0 of
uniform-, gaussian-, and irregular-beam profiles. At"
statements 12.1 and 12.2, the DR increment is chosen so
that the uniform profile ends halfway between the Nl-th and
(N1+1) increments. This is dcne so that heat is deposited
equally on either side of rNj. Statement 16.2 computes
the radius X0 at which gaussian profiles become insignifi-
cant. Intensities q of normalized gaussian profiles are
described by

q = exp-(2r%/ (S1GMA)?) (c-1)
where r = radius in cm, q = 1 at r = 0, and SIGMA indicates

the extent of the profile. Substituting CUT for g and RIM
for r and solving for SIGMA yields
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SIGMA = RIM V -2/1n(CUT) | (C-2)
Thus equation C-1 becomes '

q = exp(r’1n(CUT)/ (RIM)?) (C-3)
As'defined, q = CUT at r = RIM. This portion of the code
replaces q with an arbitrarily small number exp-5 and solves
for a radius r at which the intensities are insignificant.

Statements 22.5, 24.2, and 42.0--These statements com-
pute the duration ii of the laser exposure.

Statements 40.0-41.3--These statements estimate the
depth™ X4 at which the beam intensity is insignificant.
This estimate involves choosing a depth at which the inten-
sit¥ is a very small fraction (i.e., exp-8) of that at the
surface.

Statements 44.0 and 44.1--These statements estimate
the distance X3 over which heat will be conducted during
the duration of the expcsure, namely XX.

Statement 44.4--Here ZM is set equal to 3 times the
sum of the depths X4 and X3 associated with negligible beam
intensity and heat conduction, respectively. The factor 3
is greater than 1 to ensure that ZM is beyond the maximum
depth sensing heat.

Statement 44.6--Here we have chosen to fit uniform
DZ increments within the sweat plus epidermis by setting
Ml=1l. The number 1 is arbitrary. More than 2 increments
will appreciably increase execution times with only mar-
ginal improvements in accuracy.

Statements 44.7-44.10--These statements adjust the
uniform radial grid to accommodate a hair follicle within
the first radial increment. The remaining portion of the
uniform grid is subdivided into equal increments DR if
the depth DHF of the follicle is set equal to any number
greater than ZM.

Statement 46.0--Here RN is set equal to 1.5 times the
sum of the radii X0 and X3 associated with negligible beam
intensity and heat conduction, respectively. The factor
1.5 is greater than 1 to ensure that the maximum radius .
RN extends beyond the region heated.




Statements 86.3-86.5--The indices IMAX and LMI are set
equal to M so that all subroutines are callea prior to the
first time step. JMAX is set equal to N to ensure all }
values are used in subroutines CWATER and BA.

Statements 86.6-88.4--These statements

e establish the first grid point zyp within "live
tissues" ‘ '

e establish the first grid point zyp within the
region in which water may become superheated

e initialize ZB5, RGV, IB, RB, V, VO, KK and index
of time steps k.

Statements 90.0-90.2--Here the time step DT and laser
power POW are set equal to the values computed in subroutine
TIME and the elapsed time TTIME is adjusted accordingly.

Statements 90.3-90.5--Subroutines CWATER, BA, HTDE?
are called prior to the first time step and following time
steps during which water has been lost (IMAX >0) or damage
has occurred (LMI >1I). Subroutines CWATER and BA revise
the thermal properties and matrix elements for water losses,
respectively. Subroutine HTDEP alters depositicn rates
when irreversible damage occurs. The latter is accomplished
by replacing the absorption coefficients at the particular
grid points with the coefficients for damaged tissue.

Statements 106.4-119,.0--These statements have to do

with printing temperature rises. Temperatures are printed
at intermediate time steps only when the following three
conditions are satisfied

e XP(K) equals 1.1. Otherwise the temperatures are
too approximate for printing in that either a
mean power is being used to represent a group of
pulses or the pulse following the mean power.

e time TTIME is between a specified pair of times
TIME1(KK) and TIME2(KK). This provision is pro-
vided to control periods over which printouts
are desired. If one wished printouts at all
times, set KX=1; TIME1(l) =0; and TIME2(l) to a
value several times larger than the duration of
thie exposure. Extremely large values will cause
no problem.
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e ITYPEX must be greater or equal to the specified
value ITYPE. Here printouts will be provided at
every time step if ITYPE is set equal to 1, at
every other time step of ITYPE equals 2, etc.

Temperatures and damage are always printed following the
last time step.

Statement 119.1--This statement stores the peak tem-
perature at (r], 21) in ZB5. This temperature is used to
predict fifth-degree burns following completion of the
temperature/damage calculations.

Statements 119.2-119.3--Here the time index k is in-
creased by 1, and the calculations are continued provided
k does not exceed the total number of time steps KT. In
this regard, the KT time steps include NTX time steps
following completion of the exposure. This provision is
made to account for the fact that damage continues after
the last pulse. For this purpose, NTX should be assigned
a reasonably large number, but not so large that KT exceeds
the maximum dimensi®n MK allowed in dimensioning arrays.

A value such as 20 should suffice, Once damage becomes
insignificant, subroutine DAMAGE aborts additional time
steps. ~

Statements 119.4-124.0--At the end of the calculations
the cumulative damage 1s printed for each of the grid points.

Statements 124.1-132.0--Here the peak temperature RB
of any superheated water is used to calculate the maximum
internal pressure. The resultant pressure represents an
upper limit in that it does not allow for tissue deforma-
tion, i.e., water remains as water without expansion.

Statements 133.1-154.0--Here the radial and axial
extent of irreversible damage is determined by interpola-
tion using the largest radius rjpr and depth zIDi of
irreversible damage found for any of the grid points.
The maximum depth is assumed to be on the axis while the
maximum radius is assumed to be at the shallowest depth
zry of '"live" tissue. Only under very unusual heating
conditions would these assumptions not be true, i.e., beam
profiles with their greatest intensities far removed from
the axis. If one encounters such conditions, one considers
all i,.j values. ' ' A

In that the same scheme is used to interpolate thres-
hold damage for both coordinates, we shall illustrate the
procedure only for r. Damage D is interpolated assuming
it decreases exponentially with r in the following fashion.
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D=0D exp- (X1 (X2-r (C-4)

JDR JDR)?
Substituting DfDR+1 for D and rjpp4y for r, and solving for
the constant Xl yields

Jor+1/P3pRr?/ (T 3pRr+1"TpR) (C-3)

X1l = -1n(D
Setting D equal to 1 in equation C-4 and solving for the
desired radius X2 yields

X2 = Tipr T ln(DJDR)/Xl (C-6)

Statements 160.0-162.0--These statements determine the
degree of burn LDB. First-, secornd-, and third-degree burns
are based upon the level of damage Q (see equation 1l) at
r], 2zyj. Fourth-degree burns are indicated if a steam blis-
ter forms (JW>1). JW indicates radial extent rjy of a blister
and is evaluated at statement 14.1 of subroutine DAMAGE.
Fifth-degree burns are predicted if the peak temperature at
(rl. zl) exceeds DBS. '

Subroutine TIME

This subroutine com,utes and stores the time steps
DTX(k). Relatively smail time steps are used immediately
following the start and end of each pulse. Subsequent time
steps are sequentially increased as long as the laser power
remains constant (including zero). These periods corres-
pond to the interpulse and intrapulse times.

In addition the code evaluates the array XP(k) which
accounts for pulses replaced by mean power. It represents
a weight factor which is other than zero only for time
steps corresponding to individual pulses yielding accurate
temperature predictions. When all the pulses are treated
individually, XP(k) * 1 for all time steps, i.e., k = 1 %o
KT. When pulses have been eliminated, XP(k) will assume
values greater than 1 to account for the number of eliminated
pulses. XP(k) values are greater than zero only for those
time steps DTX(k) yielding accurate temperature predictions.

Initially the arrays POWER(k) and XP(k) are set e§ua1
to their most common values, i1.e., 0 and 1, respectively.
Subsequently, some of these values are revised in the sub-
routine.
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Statements 2.1-2.7--This portion of the code assesses
the mInimum time step DTO needed for accurate prec ctions
of temperature. The criterion is of the same form as used
with explicit-finite differences. The factor ZR is an
input parameter and should be approximately 0.5.

Statements 2.12-30.1--This portion of the code computes
the tIme steps DIX(k) and associated arrays POWER(k) and
XP(k) for single-pulse exposures.

To ensure accurate damage calculations, a minimum of
NTP time steps are used to embrace the pulse duration DPULSE.
Statements 2.14-2.17 use a series of uniform time steps DTl
if DT1 is less than or equal to DTO, Otherwise the follow-
ing series of increasing time step is considered.

' L1
DTO(1+XC+(XC) 2+ ... (xc)r1-1y = pro ﬁ)‘é—c-:il)- (c-7

where the number of terms L1 is chosen so that .

pro(xc)Li-1

< DT1 (C-8)
This series is used provided that it does not exceed DPULSE.
Any residual time is subdivided into equal time steps less:
than DTO. 1f the series exceeds DPULSE then the factor R3
is determined such that

Ll-l)

DTO(14+R3+(R3)Z ... (R3) = DPULSE (c-9)

This is accomplished by rewriting equation C-9 as follows

R3 = exp(ln(DRULSECRI-1) 4 1y,11) (C-10)

Trial values (X1) are then substituted for R3 on the right-
hand side of equation C-10 and solved for R3. 1If R3 does
not agree with X1, X1 is set equal to R3 and the process
repeated until they do agree. Usually only a few triails
are needed. ~

During each time étep within DPULSE, POWER(k) is set

" equal to the actual laser power POWX.:

Statements 29.0-30.1 compute the NTX time steps follow-
ing the pulse. Ehe first of these time steps is DTO followed
by (XC)DTO, (XC)“DTO, etc. Then the total number of time
steps k is stored KT. ‘
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Statements 31.0-50.0--This portion of the .subroutine
computes the arrays DIX(k), POWER(k), and XP(k) for non-
coded pulse trains. Statements 31.9 through 38.2 deal with
individual pulses while statements 38.3 through 48.1 deal
with the mean laser power XX3 used to represent various
groups of pulses. The array NPG(L) equals 1 for individual
pulses. When a group of pulses is reglaced by the mean
power, NPG(L) equals the number of pulses in the group.

‘Following each pulse or group of pulses, the time step
DTO is increased by the specified factor ZZ. 7Usually one
should set ZZ = 1. To conserve on computation time, try
ZZ values several percent larger than 1. Reduce ZZ closer
to 1 if any temperature oscillations occur.

Statements 31.9 and 31.10 compute the number of time
steps NP needed to embrace the pulse. The number of time
steps is never allowed to fall below 2. Immediately there-
after the time steps DTX(k) are set equal to the constant
value XX1, and POWER(k) and XP(k) set equal to POWX and
NPR(L), respectively. The array NPR(L) equals the number
of pulses represented by individual pulses, and equais 1
when all pulses are treated individually.

Statements 32.3 through 38.0 compute time steps between
pulses. Here XX4 represents the first of two expanded time
steps, XX4 and XX4(XC), needed to embrace the interpulr2
time . XX2. These time steps are used if XX4 is less than
or equal to DTO. Otherwise, the number L1 of -expanded time
steps needed to exceed XX2 is evaluated at atatement 36.0.
This is achieved by solving equation C-11 for L1 and drop-
ping the decimal.

L1-1
XC“1"-1)DTO _ .
1_44426;1 XX2 (c-11)

Then the smallest time step DT2 is evaluated by replacing
DTO of equation C-11 with DT2 and solving for DT2. The
result is the following L1 time steps:

DT2, DT2(XC), DT2¢XC)2 .-~ pr2(xc)li-l

(C-12)

The array DTX(k) is set equal to these time steps between
statements 36.2 and 38.0.

Statements from 38.1 through 48.1 deal with groups of
pulses. The duration X2 of the group of pulses is .evaluated
at statement 40.0. If X2 is less than DTO, one time step
is used. Otherwise, the time steps are comnuted between
statements 46.0 and 48.0 using the same procedure of state-
ments 36.0 and 38.0.
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Statements 50.1-54.1--This portion of the code computes
NTX time steps Iollowing the end of the pulse trajn. ese
steps start with DTO followed by DTO(XC), DTO(XC)“, etc.

Statements 70.0-100.0--This portion of the subroutine
computes the time steps for coded pulses. The procedure is
identical to that used for single pulses between statements

2.12 and 28.0. The only difference is in the pulse durations

and number of pulses.

Statements 100.1, 110,l--Here NTX time steps are added
onto the end of the coded pulses in the same fashion used
with noncoded pulses.

Statements 120.0-121.1--If the total number of time
steps exceeds the number MK allocated in dimensioning of
arrays, the subroutine will indicate this fsct and stop
further computations. MK must be <200.

Subroutine GRID
This subroutine locates the grid points based upon the
e values selected for N1, N, and M

e M1, DR, DZ, RN, and ZM values bomputed in the
main program

9 diameter SHF and depth DHF of hair follicle

. A hair follicle is considered only if it lies at a depth less

than the maximum degth ZM (DHF <ZM). A typical grid system
without a hair follicle is shown in Figure A-1l presented on
page 61.

Statements to 10.3--Following the last uniform DR, the

radial Increments are expanded by the factor R2 chosen so
CK increments exist between (RN-CP) and RN. This requires

that _ _
R2)CK_1 | . ‘
o821 . cp (C-13)

" R2 is determined by rewriting equatibn C-13 as follows

R2 = exp(ln(SE(R2-1 +1)/CK) - (C-14)

This equation is solved for R2 in the same fashion described
in solving equation C-10.
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Statements 13.0-15,0--Here the first N1+l = N4 grid
points R(J) are determined for the uniform portion of the
radial grid. When a hair follicle is present, the first
increment equals half the diameter SHF of the follicle.
Tue next N1-1 increments DR are uniform.

Statements 15.1-16.0--Here the factor R2 is used to-
evaluate the grid poInts R(j) over the expanded portion of
the radial grid.

Statements 16.1-18.0--Here the first M1+l = M4 grid
points 2(1) are computed over the uniform portion of the
axial grid.

Statements 18.5-26.0--These statements assume no hair
follicle. They evaluate the grid points Z(i) over the
expanded portion of the axial grid. The technique is the
same as that used for the radial grid.

Statement 30.0--To accommodate a hair follicle, it is
necessary to commence to contract the axial grid points
early in rthe exparsion phase to achieve an increment having
dimensions identical to the follicle. Thereafter the
increments are expanded to ZM.

Statement 30.0 partitions the M-Ml increments for the
expansion phases.

Statements 30.1-36.0--Here the first LX increments
following the uniform grid are ex.anded to a depth roughly
midway between the base of the epidermis and the follicle.

Statements 36.1-46.0--The next LX-1 increments are
contracted to the follicle, with the last increment equal
to the follicle diameter SHF. The follicle is centered
at Z(L2). One additional increment Az = SHF, is provided
beneath the follicle.

Statements 47.0-62.0--Finally the remaining M-L2-1
increments are expanded to ZM.

Statements 70.0-72.0--This portion of the subroutine
assesses the index I[W assnciated with Z(IW) nearest ZBL.
ZBL represents the depth at which hlisters form and should
ge set equal to the thickness of the epidermis in inputing

ata.
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Subroutine PROF

This subroutine computes the profile HR(i) of the laser

beam in terms of the intensity of the incoming beam. Three
radially symmetric profiles are considered, namely

@ Irregular profiies--whose shape is described on a
po%n§—by-point basis using the arrays PX(L) aud
RX (L

® Gaussian profiles--whose shape is described in
rerms of intensity CUT for normalized profiles
at radius RIM

o Uniform profiles~-which have a constant intensity
over a radius RUNIF and zero intensity thereafter

The radius Rll of the grid work is selected in the main pro-
gram so that it extends well beyond the profile.

Input data describe the shape of the profiles. Inten-
cities are adjusted to yield 1 watt of beam power using the
factor QP. Actual beam powers are introduced in subroutine
TEMP

Statements 11.6-18.1--This portion of the subroutine
computes the factor QP for irreguiar profiles. The profile
is linearly interpolated between points using

P(r) = PX(L-1) + prrrs ooty (PR(L)-PX(L-1)) (C-15)

where p(r) represents the value of PX at r.

The term X5 ia the listing réprésents the integral of
p(r) with respect to radial area over the entire profile.
%5 is determined by integrating between successive pairs of
points RX(L-1) and RX(L) as follows

RX(L) ‘ ,
ﬁ(r)’lwrdx : (C-16)
RX(L-1)

Results wre stored in X5. QP is then computed allowing for
energy losses due to hairs and reflection.
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Statements 18.2-23.0--Here the irrezular profile is
interpolated at radial increments RINT startirng at r = 0
using equatien C-15. Results are stored in FX(L),

Statements 23.1-34.0--This portion of the subroutine
computes the radial area FA(L) and power FP(L) between
r =0 and r = (L-.5)RINT. Small values are used for RINT,
consistent with accurate integration.

Statements 34.1-35.0--Here the values of FA and FP
are determined at radii midway between successive rsdial
grid points R(j). Increments of FP are then divided by
increments of FA and muwltiplied by QP to arrive at HR(j)
for irregular profiles. , A

Statements 44.0-47.0--Gaussian profiles have the fol-
lowing shape ‘

exp- (2r/ (SIGMA) %) (C-17)

This expression is normalized so that it equals 1 at r = O.
Input data indicate its value, CUT,, at the specified radius
RIM. If ome chooses a value of 1/e2 for CUT then r = SIGMA,

Setting the above expression equal to CUT and replac=-
ing r with RIM yields

SIGMA = RIM V -2/1n(CUT) _ A(c—18)

Multiplying equaEion C-17 by 27r and integrsting over
all r yielda 7(SIGMA)4/2. This result is then used to
compute the QP value given by statement 46.1. ~

Statements 5Y.0-72.0--Uniform profiles are considered
to be of unit magnitude, and to extend to the specified
radius RUNIF. The integral of sugh profiles with respect
to radial area is simply 7 (RUNIF)4 and yieids the QP value
cited at statement 55.0.

In that r = RUNIF lies midway between R(Nl) and R(N1+l),
cnly the first N1 HR(j) values are set equal to QP. All
other HR(j) values, with j = N+1. ... N3 are equal to 0.

Subroutine CWATER

This subroutine assigns values for the blood {lows,
thermal conductivities and volumetric heat capacities to
the grid points. Blood flows remain constant with respect
to time. Thermal properties are expressed in terms of
water content and hence change with water loss.
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Statements 6.0-8.2--Blood flows BL(Ll) vary with depth
by assigning constant values over tissue layers of thick-
nesses of TB(Ll). Blood flows are assigned at each of the
depths Z(i) according to the layer in which Z(i) resides.

Statements 8.3-26.0--This section assigns values for
the water content WW(i), density DD(i), non-water consti-

t?e?ts S8S(i), and specific heat CH(i) at the various depths
Z{i).

Sweat is considered only if it has a depth greater than
the arbitrarily small value of 0.0001 cm. Water content
and density are considered constant across the dermis and
within subcutaneous tissues. If sweat is absent, water
content and density vary linearly across the epidermis
starting with values W1l and D1, respectively, at its outer
surface, and ending with values W2 and D2 at its base.
When sweat is present the values W1 and D1 are replaced by
those for sweat, namely WO and DO.

Eqﬁations used to calculate specific heat and the
thermal conductivicies are presented in the section "Thermal
Properties of Skin." :

Statements 26.3-33.0--This portion of the subroutine
assigns values for water content, heat capacity, and thermal
conductivity to each of the grid points.

Statements 40.0-44.0--Whenever water losses occur,
the water content WATER(i,j) is adjusted in subroutine TEMP,
Then this portion of the subroutine is used to revise the
heat capacities and thermal conductivities at the affected
grid points, i=1, IMAX and j =1, JMAX. .

Subrbutine BA

Subroutine BA computes the matrix elements Al(i,j),
A2(1i,3), A3(i,3), B1(i,3), B2(i,j) and B3(i,j). These
matrix elements are described in Appendix A.

Statements to 11.0--This section computes the arrays
presented by equations A-26 to A-29 and A-31 to A-34.

Statements 12.0-26.0--The matrix elements are evaluated
for all grid points except for those incurring no heating,
points with i=M3 or j =N3. Thereafter, the matrix elements
are revised immediately after any water is lost. These
revisions pertain to elements asscciated with grid points
contained within R(JMAX) and Z(IMAX). The indices JMAX
and IMAX ave determined in subroutine TEMP. o
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Subroutine HTDEP

Subroutine HIDEP computes the rates of energy deposition
S(i,}) per unit volume of tissue at each of the grid points
(Z(1), R(j)). This is accomplished by computing the radiant
intensities at depths ZH(i) midway between the grid points
and using the intensity differences to determine the rates
of energy deposition.

Statements 5.1-20.0--First, determinations are made of
the radiant Intensities at each of the depths ZE(L) at which
the absorption coefficients undergo change. Here we start
with a unit intensity (IE(l) =1) at the surface (ZE(l) =0)
and compute the intensities IE(L) at each of the depths
ZE(L). The depths ZE(L) of interest are

L=1 '
ZE(L) = ) TH() (c-19)
i=1 |

The intensities at these depths are

IE(1) = 1
IE(2) = IE(l)exp(-ABS(1)°TH(1l))

IE(LZ+1) = IE(LZ)exp(-ABS(LZ) TH(LZ)) (C-20)

These computations are conducted between statements 5.1 and
12.0.

The next step is to use the above intensities IE(L) to
determine the intensities IZ(i) at the depth ZH(i). At the
surface, IZ(l) equals 1. Otherwise

IZ(i+l) = IE(L)exp(-ABS(L) (ZH(1)-ZE(L)) (C-21)
where the index L is such that
ZE(L) <ZH(1i) < ZE(L+1) (C-22)

Heat deposition rates are computed between statement
16.3 and 20.0. This computation is accomplished by dividing
the difference of successive pairs of IZ(i) by the distance
between the corresponding depths ZH(i), and multiplying by

HR(J) .
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Statements 20.2-22.1--This portion of the subroutine
is entered only i1f a hair follicle is considered. The
follicle is at depth 7(IHF) between radii r = 0 and r = R(2),
and is considered vraque.

Statements 32.0-42.0--Whenever irreversible damage
occurs, the code adjusts the rates of heat deposition asso-
ciated with grid points within the damage radius R(LNJ).

Here LXX represerits the largest index to be considered,
It equals the maximum i index associated with heat deposition
and damage. First, all S(i,j) of concern are initialized to
zero, ,

Of interest are grid points within the maximum depth
Z(LMI) of damage In that some of the tissues may be un-
damaged, it is necessary to allow for both damaged and
undamaged tissues. From statements 34.1 to 36.0 the radiant
intensity is computed for each depth ZH(1i) by multiplying
the intensity at the prior depth ZH(i-1) by one of the fol-
lowing factors:

damaged tissues: exp-[(ABSC)(ZH(i)—ZH(i-l))] (C-23)
undamaged tissues: IZ(i)/IZ(i-1) (C-24)

The remaining computations are similar to that described for
statement 20.0.

Statements 36.1 through 37.0 concern undamaged
tissues and follow the same procedure described above.

Statements 42.1-44.1--Here the energy is entirely ab-
sorbed by the hair follicle, so no energy is deposited
directly below the follicle.

Subfoutine"TEMT.
This subrdutine performs the following functions:

@ computes transient temperatures allowing for
©  steam generation

® adjusts water content WATER(i,j) for any water
loss

® computes maximum temperatures at (R(1), Z(1l)),
of hair follicle, and of all grid points
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If mean laser powers are used and boiling commences, this
subroutine treats remaining pulses individually by reeval-
uating the arrays DTX(k), POWER(k), and XP(k) for future
time steps k.

Statements to 2.3--On each entry of the subroutine,
IMAX is set equal to zero to account for the fact that
boiling may cease between pulses and certainly after the
exposure. Remaining statements in this section initialize
various arrays and parameters.

- Statements 3.0-4.1--The previous temperatures V(i,j])
are preserved VO(i,j) for reuse in successively approximat-
ing the rates of heat loss in transforming water into steam.
After each trial the resultant V values are returned to
VO. Here KW .(number of trials) is initialized to 0.

Statements 9.0-48.7, 50.0--This portion of the sub-
routine computes the temperatures using half time steps
DT/2 for COLUMN and half time steps DT%Z for ROW. Except
for indices, the COLUMN computations are of identical form
as those for ROW discussed in Appendix A. Statements 9.1-
44.0 for COLUMN and 45.3-48.0 for ROW evaluate the terms
D, E, F, and G of Appendix A. In this subroutine the
terms DXC and DXR correspond with D; CXC and CXR with E;
FXC and FXR with F; and SUM with G. Rates of heat deposi-
tion are described by POW:S(i,j) and rates of heat losses
due to steam formation by SW(i,j).-

Statements 44.1-45.0 for COLUMN, and statements 48.0-
48.5 plus 50.0 for ROW evaluate the temperatures using the
above arrays. The equations for ROW are those of equation
A-39 of Appendix A.

Statements 48.6-4811, 50.1, 50.2--This portion of the
code evaluates the i and j indices IMAX and JM{i) cd~scribing
the region over which water is lost. These evaluations are
made with all SW{i,j) values set equal to zero. Tempera-
ture computations are completed if none of the grid points
(i=1 to IP) with available water exceeds the temperature
of boiling water. Otherwise, KW is increased to 1 and a
trial and error method is used to determine the SW(i,]j)
values needed to reduce the temperatures to that of boiling.

Statements 50.3-57.0--Two techniques are used to deter-
mine SW(i,j) by successive approximations. These techniques
will be labeled 1 and 2. Technique 1 perturbs the previous
SW(i,j) values as follows '

SW(Li,j) ~SW(i,3) +ZW(KW) (V(i,j) - XW)VSH(L,3)/DT. (C-25)




Here the array ZW(KW) is inputed by the user and should have
values of about 1 to 1.5. The most recent temperatures

are V while the previous temperatures are VS. This technique
works best when

1) most of the absorbed heat remains in the parti-
cular grid increments during the time step

2) SW(i,j) corrections are relatively small

Statement: 50.8 determines whether or not condition 1 is true.
If it is true, JSW(i,j) is set equal to 1. Otherwise, it

is equal to 0. Condition 2 is judged by comparing the most
recent temperature changes with the arbitrarily small tem-
perature difference of 1°C. Technique 1 always is called for
the first of the NW trials and for trials KW = IKW to NW.

The second technique alters previous SW(i,j) wvalues by
large amounts and is important in rapidly achieving SW
values of the correct magnitude,but it is not as good as
technique 1 in making small refinements. Technique 2 in-
volves using the previous SW(i,j) correction divided by the
resulting V(i,j) changes. The ratio is multiplied by the
desired temperature change XW-V(i,j) and the factor ZW(KW)
to arrive at subsequent changes of SW(i,j). If the result-
ing SW correction is less than that described by equation
C-25, equation C-25 is used in that it provides more accurate
estimates whenever the revisions are small.

Statements 57.1-57.2--These statements prevent SW values
from becoming negative or exceeding values allowed by the
amount of available water.

Statements 57.3-62.1--Here the éhange in SW(i,j) is
stored in ZSW(1,J) and the most recent temperatures V(i,j)
are stored in VS(i,j).

Statements 60.4-62.1 reset the'V(i,j) values back to
their original values before directing the code to statement
9.0 for the next of the NW :rials.

.Statements 63.0-70.1--This portion of the subroutine
is entered after completing the NW trials. It performs the
following functicns

e subtracts water losses from WATER(i,]j)

e reinitializes the érréys SW(i;j), JSW(,3),
and JM(1) |

o determines the maximum radius“R(JMAX) over
which water has been lost.
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The next section is entered if some of the pulses have been
grouped together to conserve on computationai time.

Statements 70.2-84.2--It is not valid to treat pulses
using a mean power once steam commences to be generated.
In such situations it is necessary to treat the remaining
pulses individually. To accomplish this, the subroutine
recomputes the arrays DTX(k), POWER(k), and XP(k) for

individual pulses. The method is identical to that described .

in subroutine TIME for noncoded pulse trains.
Statements 70.3-74.0 determined the
e number of pulses that have been treated, Ll
e number of pulses remaining
® minimum time step DTO

o'initialize POWER(k) and XP(k) for remaining
pulses

® evaluate the parameters XX2, XX4, XX5, and XX6
used in subroutine TIME

e sets the variable time index LK equal to k

e directs the subroutine to statement 82 once all
KP remaining pulses have been treated

Statements 74.1-78.1 compute the time steps between
pulses. These statements are identical to statements 32.1-
38.2 of subroutine TIME except for omitting the array XP(k),
and the use of KO and LK for k and L3, respectively.

Statements 79.0-80.1 evaluate time steps during pulses.
The same procedure is used as described for statements 31.6-
32.1 of subroutine TIME. The array NPG(L) is omitted in
that all remaining pulses are treated indi-ri-l.ally.

Latement 80.2 reduces the remainir 's KP to be
treated by 1. - Then the subroutine rhec if suffi-
cient storage is available for the n ‘ere LK
represents the number of time steps " repre-
sents the number of time steps nee" oulse,
and NTX equals the number of time - 3™ llowing
the last pulse. If the number of . s than
the allotted storage MK, the sub: R r the
next pulse. Otherwise it will ir i+ 3y ant
storage is not available, abort e . and
indicate the number of pulses ¥ »rte
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Statements 82.0-84.1 compute the time steps following
the last pulse. The procedure is identical to that per-
formedin time. NGX is set tc zero to alert the code to the
fact that the pulses are being treated individually and to
prevent reentry of thls portion of the subroutine.

Statements 90.0-92.1--This section is used following
each time step. It sets RGV to the highest temperature
exceeding RGV. Also it searches the region in which super-
heated water may result for peak temperature. The peak
temperature and associated depth indax i are stored in RB
and IB, respectively. Finally, the peak temperature of
any hair follicle is stored in VHF.

Subroutine DAMAGE
This subroutine performs the following funct ' 'ons:

e evaluates thermal damage D(i,j) at each of the
grid points as well as the radial R(LNJ) and
axial Z(LMI) extent of irreversible damage

® revises matrix elements Al, A2, and A3 if a
blister forms

e aborts future time steps when damage becomes
insignificant

Statements to 4.0--KTO represents the ind:x k asso-
ciated with the last time step associated with the last
pulse and it is used to abort time steps following the
last pulse once further damage becomes insignificant.

Statements 4.7-6.4~-Damage is computed only if the
temperature V exceeds XD, where XD is the lowest tempera-
ture at which damage is significant. Damage calculations
are also aborted if XP(k) is not an integer value greater
than 0. The index LL equals 1 when pulsec remain to be
treated. This index prevents damage calculaticns from
being aborted until the laser exposure is completed.

Statements 6.6-12.0--Here the indices ID and JD are
evaluated, TL:se indices correspond to the depths Z(ID)
and R(JD) over which damage is occurring. .

Statements 12.1-14.1--This portion of the subroutine
compares the temperature of grid points, necirest to the
depth ZBL at which blisters form, with the temperature
DTEMP associated with blister formation. Matrix elements
Al, A2, and A3 are revised if DTEMP is achieved. This in-

volves use of equations A-24 and A-25 presented in Appendix A.
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The index JW is used to avoid recalculating the matrix
2lements,

Statements 14.2-22.0--Here damage is calculated only
if the grid points Iie within the region of '"live tissue,"
at Z(I1) or below. Damage is calculated using stepwise
approximations of equation 11. Incremental damage X3 is
multiplied by the number of pulses XP(k) being represented.

Statements 20.2 and 20.3 determine the i and ] indices
(LMI and LNJ) of the radius R(LNJ) and depth Z(LMI) of
irreversible damage. These indices are used to alter the
absorption coefficient in subroutine HTDEP whenever irre-
versible damage occurs.

Statement 22.1--This statement aborts additional cal-
culations when damage becomes insignificant. Five time
steps are allowed at the end of the last pulse before
this condition is exercised. This provision is provided
in that the incremental damage X3 of statement 14.13 may
be small as a consequence of the small time steps used
immediately following a pulse.

CCDE DOCUMENTATION

This section provides compute printouts of the follow-
ing:

e nomenclature used in the code

8 code listing

e three sample computer runs with input data
cards: a single pulse, multiple noncoded pulses
treated in groups, and coded pulses.

Prorerty data used in the sample runs are identical to that
used in the section "Pig Experiments".
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888 JOPENCLATIAE FPOR ExIn mODEL

BEST AVAILABLE (gpy

PARAMETERS POLLOWED AY DOTY AEPRESENT INPUT DATA

ABS(L),
ABQC,

YT LN
ALP=A
Ajvddoal

00Dt )
aLlL),
0198248}

(4 18
cHil)

cx

CONY e CONR,

CON(14d)
(4 4
CUT,

DCIeJd)

DaAMiLs1),

DAMIL D),

] 399
1T 1S

*] } 1
obL(l)
0EP1lD,
OHF .

OPULSE,
DPULBC(L) .

DR
oY
OTEMP,

ovo
DYX(N)

oz

ABRBORPTIVITY OF OnIN ABSOCIATED wlThM LAYER TH(LY)el/Cm
ABSOTATIVITY OF TAREVERSIBLY OAMAGED OxINs1/CHM
ARLOAPTIVITY OF wATERyy /CN

TCRMAL DIFFPUBLIVITY«CHM2/8EC

MATRIX GLEMENTS ASBQCIATED wiVW 2 POR TEMPERATURE
CALCULATIONSICAL/CMYeSECC

8L000 PLOW AT TCI)eR(I)sBN/CMIeREC

BLOQD #L0w IN LeoTW LAYER OF THICKNESS TO(L) GM/CmI=8EC
MATRIX ELEMENTS APSOCIATED WITH R FOR TEMPEIRATURE
COLCULATIONS¢CAL/CMYIe8ECet

APECIPIC MEAT OF BLOODCAL/GMeC

QPECIFIC HEAT OF SWEAT OR TISBUES AT DEPTH Z2(1)e
CAL/CMel

NUNGER OF GRIO INCAREMENTS FPROM LAST OF UNIFORM INCREe
MENTO TO FINAL INCREMENT
CONBTANTE POR CALCULATING THERMAL CONDUCTIVITIES AS
FUNCTION OF WATYER CONTENT+CAL/CHeRE(C

THERMAL CONODUCTIVITIES OF SwWEAT OR TISSUESR AT 2Ty
CAL/CH=BlC=C

DISYANCE PROM BEGINNING OF LAQY UNIFORM GRID INCREMENTY
TO ENO OF FINAL INCREMENT CM

CONBSTANTY INDICATING INTENSITY OF QAUBBIAN PROPILE

AT RADIVUE AIm CONBIOERING UNIT INYENBITY AY AX1de
DIMENSIONLESS

CUMMULATIVE THERMAL DAMAGE A? l(!)ol(d)0DAHAOI
REVERSIBLE WHEN D{I4J) LEBS THAN 1+ IRREVERSIOLE WHEN
OC2eJ) GREATER THAN {oDIMENBIONLESS

NATURAL LOGS OF COEPFICIENTS OF EXPRESSION POR RATE OF
THERMAL ODAMAGE «TEMPERATURES AELON 80 C FOR Luiy TEMPER»
ATURES ABOVE 50 C FOR LedotLNCBEE)

ARGUMENTS OF EXPONENTIALY OF EXPRESSION PQOR RATE OF
THERMAL OAMASETEMPERATURES SELOW 30 C FOR LBiy TEWMPERe
ATURES ABOVE B0 C POR Lo DEGRERD K

AMOUNT OF DAMAGE NERDED YO CAUSE FIRAT OEGREE BUAN.
DIMENSIONLERS

AMOUNT OF DAMAGE NEEDED TD CAUSE SECOND DIORII BURNY

OIMENSIONLESS

TENPERATURE ADOVE WHICH TISBUES CHARC

OENSITY AT 2(1)eGM/CMY

THICKNESS OF ODEAD® EPIDERMAL LAYER.CH

OEPTH OF WAIR FOLLICLE LOGCAYED ON BEAM AXIBoCM, WILL
CONBIDER MAIR POLLICLE ONLY IF OKPF I8 LESS THAN IN,
THREREPORE TO OMIT MAIR POLLICLE SEY OWF YO VERY LARGE
NUMBER SUCH A8 1000,

PULSE WIOTH OF NONeCODED PULSES (ALL UNIFORM) 8EC
PULBE WIDTHE OF CODED PULBESY Lot FOR FIRST PULSE. Lad
POR SECOND PULSE+ETCoaa MERE SPULBESS® MAY NMAVE ANY
POWER FROM O AND UP,SEC

MINIMUM RADIAL INCREMENT CM

TIME GTEP WHICH VARIER WYITH INDEX Kollc

TEMPERATURE OF SUPERHEATED WATER AT WWICH TISSUES ARE
ABSUMED TO SEPARATE,C

MININUM TIME BTEP.SEC ' . .
TIME INTERVALS ABSOCIATED-WITH LAJER POWERS POWNER(K) .
L1 {4
MINIMUM AXTAL !NCR!“!NT.CN

POe*DY,002,0 OENSIVY OF lHlAToIP!D(!HAL SURFACE+DERMTISIAND BUDe
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i

03,
FAlL)
FR(L)

FR(L)

MALIR,
uR(J)

W,
H

18

10

101,

102,

1{ 49/

INF

11
118.0112,
113,

IMAX

1r

IPROF,

1TYPE,

ITYPEX
I

1IN

J
Jo

JD1,
Jod.

Jdlerdide
RLIS )

JMax
JW

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂoﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

CUTANEOUS TIOOUIB,0M/CN)

TOTAL RADIAL AREA FAOM RO TO (Le S)*AINTCHR

INTEGRAL OF PXCL) WNITH AEOPECY TO RADIAL AREA PROM AeY

10 (Lo S)ORINTICMR

INTERPOLATED VALUE OF PX AT (Le))ORINT,OIMENSIONLEDS

MEAToTRANGPER COEPFICIENT AT OXIN SURFACECAL/CMAwBECeC

HEATeTRANSPFER COCPPICIENT AT SURPACE(DRY) ¢CAL/ZCHReR)C=2

WEATTRANGFER COEPFICIANT AT BURPACE(NET) 1CAL/ZCMRwBECeC

FPRACTION OF RADIATION INYIRCEPTED BY WAIRSIDINENSION.EDS

LASER SEAM PROFILE AD FUNCTION OF MARIUS A(J) POR

LASER PONER OF | MATToCAL/CMR=AZCONATT

HEAT TRANGPER COEFFICIENT ACROSS STEAN BLISTER,

CAL/CHR=0ECel

INOEX OF ANIAL INCREMENTS

I INDEX OF OEPTH Z(I) AT WMICH PRAK PRRZOSURES OCCUR

T INDEX OF MAXIMUM DEPTM 2C1) AT WMICH THERMAL DAMAGE

18 OCCURRINGy DAMAGE MAY OR MAY NOT 8L REVIRSISLE

MINIMUM 1 VALURE AT WHICH ARRAYS V(Zed)o0CIod)o8C2ed)e

ARE PRINTED

MAXIMUM 1 VALUE AT WMICH ARRAYS V(ZeJ)eDCIedde8(2ed)e

ARE PRINTED

FPRACTION OF BEAM INTENSITY AT DEPTM ZECL)WHERE

LEC1)®1 AT BURPACE CORRESPCNOING TO Z(1)80,+DIMENSIONS

LEsn :

T INOEX OF DEPTN Z(IMP) OF WAIR FOLLICLE

1 INDEX INDICATING DEPTM OF oLIvES TISSUESs TISRUES LIVE

FROM 2(11) AND BEYOND

MINIMUM AND MAXIMUM I INODICES POR 2 OR 3eD PLOTS

T INDEX TO 8E MARKED ON 2 OR 3JeD PLOTS

MAXIMUM T INDICE AT WHIEH WATER MAS BEEN LOBY

1 INDEX INOICATING SMALLOWESY DEPTH Z(IP) AT wHW]ICH

STEAN 18 CONPINEO

INDEX INDICATING SHAPE OF LASER PROFILE'SO0 UNIPORNM,

a1 SAUSSIANe B2 IRRESULAR :

INDEX CONTROLLING FREQUENCY OF PRINTING YEMPERTURES:

FOR ITYPEmY TYEMPEIRATURES WILL O PRINTED POR EACW TINE

STEP BETWEEN TIME INTERVAL PROM TIMEL(XK) TO YEIMER(KX)

FOR ITYPER2 EVERY OTHER TIME STEP.RTC,

INDEX USED TO CONTROL PREQUENCY OF PRINTING TEMPERATURES

:(;:2:: OF DEPTH I(2) NEAREZSY DEPTN 2L AT WHICH TIasuls
ATE

FRACTYION OF BEAM INTENSITY AT VARIOUS DEPTMS TN{lel).

WHERE 12C1)s1, AT SURFPACEDIMENSTIONLESS

INDEX OF RADIAL INCREMENTS

J INDEX OF MAXIMUM RADIUS R(J) AT WHICH THERMAL DAMAGE

I8 OCCURRINGe DAMAGE MAY OR MAY NOY BE REVERSIOLE

MINIMUM J VALUE AT WHICH ARRAYS V(19J)e0CIed)oe8(2ed)e

ARE PRINTED

MAXIMUM J VALUE AT WHICH ARRAYS V(XeJ)eDCT0d)o8(Ie)e

ARE PAINTED

MINIMUM AND MAXIMUM J INDICES FOR 2 OR oD PLOTS

MAXIMUM J INOEX AT WHMICH WATER I8 LOST FOR I INDICZES

LESS THAN 1P

MAXIMUM J INDEX AT WHICK WATER MAS BEEN LOOY

RADIAL INOEX AOSOCIATED WITH BLISTER FORMATION, s}

IF BLIGTER WAS NOT PFORMEDy OTHERWIGE SLISTER EXTENTS

TO RADIAL DISTANCE R(JW)

INODEX OF TIME STEP3, RANGES FROM { TO KT

INDEX OF SPECIFIC TIME INTERVAL TIMEI(KK) TO TIMERNKK)

TO ASSESS WHMETHER OR NOT TENPERATURES ARE TO A PRINTED

B&S\im\mm CopY
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X0
e
(%)

wYYPE,
KX,
LABER,

LB,
LOBb
L1

LMIeLNg

LR,
Lw

LZ.

Lieb2eLBa0s
M,
nK,

L} ¥
n3
N,
Nie
N3
NGo

NGX o

np
NPGIL)Y,
NPR(L)

NPULSE,
NTP,

NTX,

PO
POWER(K)
POR:-FCCL) e
POW:

PX* 4.

INDER OF TINE BTEP

INDEX OF NUMBER OF PULSES REMAINING TO BE TREATED
TOTAL NUMBER OF TIMg STEPS YO BE CONLIDERED IN CALCUe
LATIONS

INDEX INDICATING wHETHER OR NOT Y0 PRINT CARDS FOR 2 OR
3D PLOTSuTYPES] FOR CARDSXTYPEEO FOR NO CARDS
NUMBER OF TIME INTERVALS TIMEI(KK) TO TIME2(KK) DURING
WHICH TEMPERATURES ARE TO BE PRINTEDsXKK"E TO KX

INDEX INDICATING WHETHER OR NOT PULSE TRAIN 18 CODIDs
®] IF NOT CODEDe w2 IFf COLED

NUMBER OF LAYERS AT wMICH BLCOD FLOw I8 DESCRIBED
HIGHEST DEGREE OF BURN PRODUCEDDIMENSIONLESS

NUMBER OF RADIAL INCREMENTS WITH wMICH TO SUBAIVIDE
RADIAL DISTANCE FROM Re0 TO RX(LR)

MAXIMUM T AND J INDICES AT WHICH JRREVERSIBLE DAMAGE
OCCURSoINITIALLY LMT SET ESUAL TC M TO ENTER BUBROUTINE
CwATER

NUMBER OF INTENSITIES SPECIFIED IN IRREGULAR PROFILE
INDEX CONTROLLING WHETHER OR NOY TO MAINTAIN RATES OF
HEAT LOSS 8w POR NEXT TIME STEP

NUMBER OF BKIN LAYERE MAVING DIFFERENT OPTICAL ABSORPe
TIVITIES

DUMMY PARAMETERS

TOYAL NUMBER OF 7 GRID INCREMENTS

MAXIMUN NUMBER OF TIME STEPS TO BE CONSIDEREDs 8MOULD
NOT EXCEED DINENBSIGN OF ARRAYS POWERXPe AND DTX
NUMBER OF UNIFORM D7 INCREMENTS

TOTAL NUMBER OF AXIAL- GRID POINTS

TOTAL NUMBER OF RADJIAL GRID INCREMENTS

NUMBER OF UNIFORM DR INCREMENTS

TOTAL NUMCIR OF RADIAL GRID POINTS ,

NUNBER OF GROUPS QF PULSES USED FO™ NON=CODED PULSE
CALCULATIONS

INDEX INOICATING WHETHER OR NOT MULTIPLE PULSES ARE
TREATED INDIVIDUALLY(NGX®0)s OR IN SROUPS(NGXSY)
NUMBER OF TINE STEPS ODURING PULSE

NUMBER OF PULSES IN SUCCESSIVE GROUPS

NUMBER OF PULSES REPRESENTED BY PARTICULAR PULSE.

SEY 80 EXCEPT FOR L28T OF A SERIES OF INDIVIDUAL PULEES
NUMBER OF LASER PULBES CONSIDERED

MINIMUM HUMBER OF TIME STEPS USED TO EMBRACE PULSBE
WIDTH ASSOCIATCD wWITH SINGLE PULSE EXPOSURES

NUNBER OF TIME STEPS OESIRED FOLLOWING EXPOSURE:
SHOULD BE 8ET EQUAL TO TO RELATIVELY LARGE NUMBER TO
ENSURE ALL DAMAGE HAS OCCURRED, CODE wILL END COMPe
UTATIONS IF DAMAGE NAD CEABED. NTX VALUES OF ABOUT 20
SHOULD SUFFICE., ALE" USED TO CMECK IF SUFFICIENT TIME
ETEPS NAVE BEEN ALLOCATED IN ARRAYS INVOLVING ke 80

00 NOT USE EXTREMELY LARGE NUMBERS OF ORDER OF Mk
NUMBER OF TINES TEMPERATURE CAL.CULATIONS ARE RFCYCLED
IM ESTIMATING RATES OF HEAT LO88S OQUE TO BTEAM GENERATION
LASER POWER HATTS

LASER POWER AT KuTH TIME STEPWATTS

LASER POWERS OF SUCCESSIVE CODED PULSESINATTS

LASER POWER OF NON=CODED PULSES (ALL EQUAL)sWATTS
MAGNITUDE OF IRREGULAR LASER PROFILE AT RADIAL

OISTANCES ®X(L)e VALUES NEED ONLY YO BE RELATIVEe DIMENe
SIONLESS , ‘

PREVIOUS LABER POWER PONeWATTS

MOST RECENT LASER POWER POWowaTTS

ST AVAABLE COPY

109

e

SRRSO v o0 5

|
|




OO ORI ODDANOOOODNOODODNOO0OO0OONADODDOOOHNODO

oP
R(9)
RB
REF .
REPEY,
RV
Rim,

RINY

Runlr,
RX(L),

R1oR2.R3
8$C1ed)

SHF 4
IR0,

L LIPYY LF IS

$3(1)
$W(3eJ)
T8(L),

TeL(L),
TOERM,
TE.
TerP10,
THlL).

TTine
TIMESCKN) 49
TIME2(KK),
T0.

T0€

TanEATY,
VeVO

(1,14

VEH(I«J)
®AVEL,

wn(l)

LI L Pt Y}
wy,

{2

(L)

X1eX20X3000
b 4.18

REST AVAIZABLE CC™Y

FACTOR ADJUSYING MAGNITUDE OF PROFILE FOR POWER OF

1 AaTTe CAL/CK2=BECenaATT

RAUIAL OISTANCES STARTING AY R(1:80, AND ENDING AT
RENI)BRNyCM

PEAK TEMPERATURE IN C AT DEPTHS AT wWHICH STEAM CANNOY
ESCAPE

REFLECTIVITY or SURPACE OF SKIN FOR RADIATION OF GIVEN
WAVELENGTH.DIMENSIONLESS

PEPETITION RATE FCR NONeCODED ®ULSESPULSER/BEC

MAXIMUM TEMPERATURE FOR 2 OR 3«D PLOT3.C

FADIUS AT WHICH NORMALIZED GAUSSIAN INTENSITY €QUALS
CUTe CM :

INCREMENTALLY SNALL RADIAL OISTANCE USED TO INTEGRATE
IRREGULAR PROFILESY CH

MAXIMUM RADIAL DISTANCE.CH

RADIAL EXTENT OF UNIFORM PROFILE.CM

RADIAL DISTANCES AT WHICH INTENSITIES PX(L) ARE SPEC-
IFTEDCH

FACTORS BY wHICM AXIAL INCREMENTSRADIAL INCREMENTS.AND
TIME STEPS ARE EXPANDEDDIMENSIONLESS

RATE OF HEAT DEPOSITION PER UNIT VOLUME OF TISSUE AT
ZCIIoR(J) e CAL/CHI=BECSHATT

DIAMETER OF HAIR FOLLICLECCM

SPECIFIC HEATY OF NON=WATER CONSTITUENTS !N SWEAT .
CAL/GNe(

CONSTANTS POR CALCULATINEG GPECIFIC MEAT OF TIOSUES

AS FUMCTION OF WATER CONYENTCAL/GNe(

GRANS OF NONWATER CONSTITUENTS PER CH3 AT Z(D)
ESTIMATED FLUX EXPENDED IN EVAPORATING WATERoCAL/CHM3I=SEC
THICKNESSES OF SUCCESSIVE LAYERS USED TO DESCARIAE BLOOD
PLO® BLIL)CH

TEMPERATURE IN C AT WHICH PFRESSURE EQUALS L ATHOSPHERES
THICKNESS OF OERNISCM

ENVIRONMENTAL TEMPEPATURE.C

THICKNESS OF EPIDERNIS«CM

THICKNESSES OF SUSCESSIVE SKIN LAYERS USED TO DESCRISE
ABS(L) +CH

TOTAL ELAPSED TIME.SEC

TIMES BETWEEN WHICH TEMPERATURES WILL BE PRINTEDSEC

INITIAL OKIN TEMPERATURESC

INITIAL TEMPERATURE OF SKIN ABOVE YHAT OF ENVIRONMENT.C
THICKNESS OF SWEAT (AYEReCM

NEW AND PREVIOUS TEMPERATURES ABOVE ENVIRONMENTAL
TEMPERATURE TEoC

PEAR TEMPERATURE OF MAIR FOLLICLE.C

VOLUNETRIC MEAT CAPACITY OF SKIN AT Z(1)eRCJ)eCAL/CNI=C
HAVELENGTH OF LASERS RADIATIONMJICRONS

GRAMS OF WATER PER CM3¥ AT DEPYM 2(I)

GRAMS OF wATER PER CM3 OF SWEAT,JUST BELOW EPIDERAAL
SURFACE+DERMISe AND SUSCUTANEOUS TISSUES: RESBPECTIVELY
FACTOR BY wHICHM TIME BTEPS ARE PROGRESSIVELY INCREASED.
IF TEMPERATURES COMMENCE TO OSCILLATE JUST PRIOR TO
PULBESe REDUCE XC CLOSER TO 1

NUMBER OF PULSES REPRESENTED BY PARTICULAR PULSE IN
OAMAGE CALCULATIONS, ALWAYS 1 EXCEPT wWHEN PULSES ARE
GROUPED TO CONSERVE COMPUTATIONAL TIME

DUMMY PARAMETERS

DEPTH AT wHICH TISSUES MAY BEPARATE YO FORNM BLISTER.CH
o+MUST BE EQUAL OR GREATER THAN DEPTH IDEP

110

. logi Lo a e e e

~——

s ks




A

SOOI DNOOOOOODODOODODHIOAOOOO0OODOODODOOOOOOO

[ 11 )

I0EP DEPTM BENEATH WMICH WATER DOEB NOT ESCAPE.CM

ZE(L) DEPTH EQUAL YO TH(13¢TH(2),,,TH(L>1) FOR L GREATER
THAN §90THERWISESO oCM

M) OEPTHE BELOW SKIN BURFACE: EOUALS (2€1)¢2(1*1))/72,
o) .

™ MAXIrUM AXTAL OISTANCE.CM

IR, CONSTANT CONTRCLLING SIZE OF MININUM TIME STEP DYO.

SHOULD BE 0,5 OR BSLIGHTLY GREATER)TEMPERATURES wILL
OBCILLATE IF ZR 18 TOO LARGEs DIMENSIONLESS

r 2 3 FACTOR BY wHICH SMALLEAY TIME STEP 18 PROGRESSIVELY
INCREASED IN TREATING SUCEEDING PULBES, USED TO CONe
SERVE COMPUTATIONAL T'ME WHEN GREATER THAN 1, IF TEMPe
CRATURES COMMENCE TO GSCILLATE AFPTER BSEVERAL PULBES
REODUCE 12 CLOSBER TO IS(NEVES LONER)y DIMENSIONLZSS

IwiL), NUMHERS USED TO ESTIMNATT WEAY LOESES ODUL TO BTEAM
GENERATIONs DIMENBIONLEAS

ODIMENSIONIMG OF ARKAYS

(A A AL LTI T T I YL T T Y Y 1T

ARRAYS HITH QIKENSION KT7,~~DTXsPQAERe AND XP

ARNAYS WITH DIMENSION KX ,ocaTIMELsAND TIME2

ARRAYS wIThH DIMENSION LB,we=BLoAND TH

ARRAYS WITH DIMENSION LR, ,wmaPY¢AND RX

ARRAYS WITH OIMENSION LZ,oo=AB8s12+THeAND 2E

AREAYS WITH OIMENSION M3, wnaCH CXCoCXReDXCIDXRIFXCIFKRoIMgZ o ZHo Wi,

XRL¢XR2oXRIoXRUsNRSeXZL o XT20XT31X24sAND X258

ARKAYS WITH GIMENSIONS M3IsN3.vewaloi2eA39BseR2:830CONIDDeB 98BN,

VoVOMoVXDa VXX e AND WATER

ARRAYS WITH DIMENGION NG.»==NPGeAND NPR

ARNAYS WITH DIMENSION NPULIE.'-DPUL.C.!ND POWERC

ARRAY WITH ODIMENSION NN wswlN

ARKAYS WITW OIMENSION N3,emalRyAND R

INFORMATION FOR INPUTING DATA INTO CODE
..-...IG.-..-I.'--.-..-----'I....I.'I..

N1 GREATER THAN OR FQUAL T0. 2 v MK LEBS TMAN TIME INTERVAL DIN!NOION
RIMe RUNIFy AND RY(LR) GREATER YHAN SNF

I8L GREATER THAN OR EQUAL TO ZDEP

ALL DEPYM INPUT DATA REFERRED YO SKIN BURPACEw==NOT FROM BURFACE

OF ANY SWEAT LAYER, THIS INCLUDES DEP!DoOH!oT!(L)vTEP!DOTN(L)O
28Le AND ZDEP

IF TEMPERATURE OSCILLATIONS ARE !!P!RIE“C!D EXAMINE WMEN THNEY DCCUR,
IF IMMERIATELY FOLLOWING THME BTART OR END OF THE FIRSY FEW PULSES;

REVUCE 2Re IF BETWEEN THE FIRST TWO PULSES REDUCE XCov IF AFYER SIV!RAL

PULSES REDUCE 212,

%ESXT'AV" A\tABLEZmPY

111




PR R X

BEST_AVAILABLE (0PY

£ sse
1a

21
22

C #%»

24

25

26

C wss
30

C sss
40

4y

42
'Y ]

de

.-

TRREGULAR PROSLE
READ(S 11y ReNMgcN
BEAD(K 35 (RX(LIelnlol Ry
READ(S,3)(PYX(L)yLm1alR)

X08RX (LAY

DRBXO/NT
READ(S022YNEVEL o XCoZR1TZ oL LOER I NPULSE o NSXoNTY
FORMATCAFY 14ulY)
IF(LASER,EG,2)GP YO %0
NONSCGDED LABER PULSES
IF(NPULSE,GCT,1)60 TN 2g
READ(Ss2INTPIOPULRE o OONY
XXSOPLL SE

G0 T0 a0 , :
READIS2INTPyREPETyDPULSE ¢ POWYX
XANINPULSE=]) /REPFTADPUL GE
IFINGX ,EQ,13G0 TO 24

DN 2% st eNPULSE

NPG(L)m1

NPR(LImY

NGENPUL SF

en To 4o

PFAD(S41{ING
HEAD(Se 13 ) (NPGILYeLmY ONG)
READ(S911) (NPRCL)oLB1+NG)

6n Y0 4o

CNADED PULSES

READ(S,11)NTP

READ(Se3) CDPULSCLL) o819 NPULSE)
RFADC(S¢3) (POWERC(L) 90 o NPULSE)

DETERMINE DZoIW AND RN

X280

X480,

Ls} .

XPRX24ARSCLISTHIL)Y

XumXaeTHIL.)

LaLeg

TFIX2,LT,8,,ANDL,LF.L2Y60 TO 4}
READ(S,11)M.

!r(LAS!n.!O.l)GO_TO 4a

xx90,

0N 42 LuleNPULSE

IXAXXADPULSC(L)
ALPHAR{CONI+CON2SW] /D) /(SHISDIegHRW])
XIN2 0BART CALPHASYYX)

NISNe

»3aMey

M3 oelXaexy)

Miwy

D28 (TSWFATeTEPTIN) /MY

IP(OMF GT,2M)GO TO ae
xl(!PRO?.EQ.O)DRI(RUNIF-Sﬂflta)IfNici.!)
IP(IPROF,TQL1)DRB(RIM=BHF /2,)./(N1et)
IFCTIPROF EQ,2INAW(RX(LRYwINF/2,)/(NT1w])
RNS1  Se(X0+X3) )
HEAO(So11)!ot-!nloJDltha.!Yv’!oxYVPt.K!
ITYPEXuTTYPE

READ(S o3I CTIMEI CLYoL A oY)
READ(SeS)(TIMEQCLY oL okX)
READC(SI2INWe (2 (LY oL 81 o NNY

112

1Ce IANEG
12¢10080

12+ 1RREG

13

184NCot

IR TLIT}

L8NG ISP
18eNC, 3P
14eNC, 5P

14,CONED
18+CO0ED
14.CONED

18

1¢

17
18
19




- f&
AP eyt s © s

WRITECHeUB) (IW(L) oL eNW) oee .
48 FCUMAT(IY 2 INImas{0F0,2Y

READ(S03)DB1+0B2+DB3 (DR 20
WRITE(H G40)DBI1DH24DB34DBS ' e

49 FORMAT(1MC)4MOBIS GEL0,4)
CALL TIME CALL
CaLL GRID CaLL o
CALL PROF CaL 1

IF(XTYPELEQ.0)GU TO 58
€ ®%% DATA/CARDS FOR 2 OR 3J=D 2,078

READ(S¢11) 11101120173 00014002 21
WRITE(1¢S0)1110T12¢113000190d2 .o
50 FGRNAT(SI7) ‘
WRITE(4+$0)NSoM3 .on
WRITEC1¢82) (R(J).0JRIINY) een
WRITE(1452) (2(1}sIn]0M3) , oee

S& FORMAT(10F7,,4)
s Nﬂl'l(boS.)‘B!Co&ﬂl"vC! CONLoCONQIDO UL eDReDIIDEPTIDIHAIRVREFP s BMHO
1CHL v 8HReTDERMITE G TEPID o TOe TOHEAT ¢ WO oW oW o NS g WAVEL o XCeZDEPYZR0 22
39 FORMAT(1H oSHABSTEIFY . 00X oeSHABSWI I FT 002X s IHCONIFT I eSKCON R
1P8,502XsSHCONZRoF 8,5/ X1 3HDOBPE, 302X 0 IHD1IRsFE,302XeIHD2B T4,
22X 1 3HOINIP 6 302X g 8HDEPINReFT o U/ X e SHNAIRBeFT 292X e CHREFBIFT 202X
JAHBHOBeFT  Uo@X o UMBNIBIFT (U2 X o UMEHRB ¢ TV U/ i Xs6MTDERMB VST 693X e
UIHTEReFS,0e @Ko OHTEPIDEIFT  4o@X e INTONGFS, 002X s THTBNEATEFT 41X,y
SIHNOBIFO 302X eINNIBIFE, 302X v INW20eFb,302Xe3NN3EIFO, 302X s0MNAVELRY
6FAl/1 Mo INXCBIFO. 302X sSHEDEPRIFSO 392X ¢IHZRBIPS, 112X e INZTZB0FT,2)
WRITECO¢S9)IPROFILASERILByLZoNeN eMoMI ¢NPULAEINGXINTYX wve
39 FORMAY (1M o&HIPROFRIT)e2XeOMLASERE T 102X o 3HLBRIT 202X o 3NLZB L2020
12HNEB 220X s3MNIBIT202X 0 2HMB 02X eIRMIBITR/1X o THNPULSER & e2X e 4NNG
QXS I e 2N aMNTXmIR)
WRITECHs60)ZBLIHNIDTEMP s DHF QNP LI
80 FORMAT(IM +4NTZBLEIES 302X o INMNEIEB Se2X0OHDTEMPBFG, 002X e 4HDHF B
J1EB3/iXeUHBNFBES,3)

IPUIPROPEQ.OINRITE( L1 64IRUNIF eoe
64 FORMAT(IH s6NRUNIFRIED,S)

IFCIPRAOP BB LIWRITECOvOSICUTIRIM wee
0% FONMAT(IN s4NCUTBIFA , Ae2Xo4HRIM® T8, 8)

IFCIPROF (PO 2IWRITECH166)LRe(RX(L)oLEBYILRY te
36 FORMAT(1IM o INLREIZoINRNN/(I1X01028,3))

IP(IPROFLEQ.RINRITE(Oe 7Y (PXLL) Ll oLR) ' e

67 FORPIT(IM oIHPXR/(I1X01068,.3))
IF(LAGER,EQ.3)60 TO 72

WRITECOs58)DPULSENTRPPOWY . L L
68 FORMAT(1H s THOPULGESsED JeaX v GNNTPRT202X o SHPOWXBIER,3)

IP(NPULBE GT,IIWNRITECO160) (NPGCL) o L2 L ¢NG) =ee
09 FORMAT(IM sUMNPEEB/CIXe101T7))

IF(NPULGE-GT.l)NR!TE(Go?O)(NPP(L)oLllvNG) wee
70 FORMAT(IM sUNNPRE/{1X¢1017)) ,

IF(NPULBE.GT L1IWRITECOsT1)IREPEY vow
7L FORMAT(CIN +OHREPETERIES, ) o

60 T0 78 ' .
£ ; NllT!(to?ﬂ)(DPUL.C(L)OLU!»N!ULII) ' eve
T4 FORMAT(IN o THORPULSCE /()X ¢10E8,.3)) ’

hl’TttboVSJtPo~tlctL)leloNPuL|E) . - . ese
TS FORMAT(IH +THPUWERCR/(1X210E8,3)) ’ '
T8 WRITECOe79)ID10I0201ITYPE IO 9 JD2oKTYPE won

79 FORMAT(IH oUNIDIONTI2+2XedNIDRB eI 12XoGNITYPER IR eRN0ENJDIBoTT0 RN
© JUNJOQE e TR0 BN I ONKTYPERS T )
ARITECLoBO) CYIMELAL) sLBY e KX)o (T!NEI‘L)OLOIQKX) _ sca

BESLAV ALABLE COPY




BISTAVAILABLE COPY

8

102
104
1909
10e

WRITECOoB JCTH(LIsLmLeL D)

FORMAT (M (INTHR/Z(IX210FT7,4))

WRITE(6¢82) CABS(LYoLmt oL )

FORMAT (1M o4MABBE/(1Xv10FT7,0))
WRITECOe83)CTBILI Lm0l )

PORMAT (1M o3HTBR/(IXv10FT7,4))
WRITE(H.0a) (BLIL) sLu1olLB)

FORMAT (1M o3MBLE/(1Xe10FT7,4))
WRITECO+8S)DAMC1o1)oDAMCEo2)eDAM(291)0DAMC2+2)
FORMAT(IH oOHDAMCL o )@ oFb i o@XoeOHDAM(102)meP o, 002X sOHDAM(Re1)my
1FOelo2XoOMDAK(2e2)B9FH,0)

WRITE(6e886)ORIRNIDZvIMING

FORMAT (LM o JHORB PO, Ue2Y s INRNE o FB U o 2N e3MHDTB PO 802N ININBFB a0
12X+ 3MNG2e12) .

TTIMEmO [

IMAXEM

JMAXEN

LMleM

X18TBWEAT+DEPID

X2uTSWEATHZOEP

JNam0,

RGVSTOE

1881

RBsTOE

00 88 IwionM3

IF(X]4GYeZ(L)) ImIey

IF(X2.GE.2C(1))IPnTe!

DO 88 JsisN]

D(lvJ)mt Ee10

V(IrJ)sTOER

VO(IsJISTOE

STARY OF TEMPERATURE AND DAMAG! CALCULATIONS

USSP IO TONOUNEIBEYONUR RSP NSRITOIRNOES

KKs1

LY}

OT8DTX(K)

TTIMESRTTIMESDT

PONEPONER(K)

IFCIMAX,GT,0)CALL CWATER

IF(IMAX,GTo0)CALL BA

IF(LMTGELII)CALL HTDEP

IF(K,6T,1)60 T0 108

WRITEC®+100)

FORMAT(IM ¢22MHEAT DEPOBITION RATERES ¢l 0Hwenveuouss)
WRITECOV101)(R(J)eJuJD1+JDD)

FORMATCIN o10Xo2HANOFD, ./l)lo30N.-o-..-----...onl.-..---.--...)
00 toa leIlielD2
WRITEC6¢102)ZC1)0(8(3e¢J)eJuJDLJOR)

FORMATCIN vE2MImeFB,Ue2X09E8,))

CONTINUE

WRITECOIL0GIDT o TTIMESPOWoXP{K) o IMAX o JMAX
FORNAT(lNOQJHDTI'!903oix05”7!"!'0!9..0.!obﬂ’ﬂﬂll.!l.."!l!l“l.lo
1PS.0v7H IMAXEeI2¢7H JMAXBIR)

CALL vEmP

CALL DaMAGE

IF(XP(K)oLTee®9)GO TO 119
IPCITYPEX LT ITYPEOR KK, GT KX)GO TO 119

IPCTTIME LT TIMEL(KK) OR,TTIME BT, 1 IMER(KK))GO TO §1@
00 107 IsiD3elD2

00 107 JeJniedd2

114

CALL X
CALL X
CALL X

CALL
CaL

e 5 05 e .




107

100
110

122

-1d3

124

1d¢é
138
130
132

VTI(leJ)eV(]Ied)=TOR
WRITECH1201Y(R(J)eJuIDLeJOR)

00 110 t=tDislD2
WRITECO+108)3Z(1)otVT(TeJ)eJoJD1eJ0R)
FPORMAT(IM o2MIBeFB ,Ued2X+OPF8,1)
CONTINUVE

ITYPEXRO

IF(XKTYPELEQ.0)GO TO 118

00 112 telltell2

DO 112 JaJJieJJe

VI(IeJ)av(IeJ)eTOE

DO 116 Imlfielle
WRAITECLo118)(VTCIed) v dunIIleJJ2)
FORMAT(10F7.1)

CONTINUE "
WRITE(1+52)RGV

ITYPEXSITYPEX+]

IPUTTIME GT TIMERCKK) JAND KK LT MXIKKOKKS
IP(VEL101),6T7.2B5)Z8%8V (1Y)

KeKey

IF(K,LE,KT)GO TO 90

WRITE(6e122)

FORMAT(IM ¢ THDAMAGERy{ONHeonoasenen)
WRITE(6¢101)(RCJ)eJuJDLJOR)

DO 124 18llelD2
WRITE(6¢123)ZC1)0(D(TeJ)eJuJD1JD2)
PORMATCIN s2HZBoeFB8,802X09C8,2)
CONTINUE

x4mi,

RBERBeTE

IFCRB,LT.100,)60 TO 130

Led

IP(RB,LT.TBL(L))IGO TO 128

LeLe+t

IF(LLLE.27)G0 TO 126

X180 (RBaTOL(Lo1))/7(TBL(L)eTBL (Lal))
Xémleg ,+X1

WRITECO+132)X402(2N)

FORMAT (M o JUHPEAK PRESBURESOFT 1 oSH ATHM 93X o6HDEPTHEFB,d93H CH)

VHFOVHF+TE
IFCIB,EQ THF)INRITE(Ge133)VRF

PORMAY (1M »3THLOCATED AT HAIR POLLICLE(TEMPERATURE®FS,003H C))

JORBO

- DO 1840 JeiN

1640

144

194
160

1P (D(TTeJYeGEL1,)IDRRY
CONTINUE
IFCJOR,EQ,0)6G0 TO 160

X3SALOG(DCII9JDR)/DCILoJOR1))/(R(JORGL)I=R(JIOR))

X2UR(JORI+ALOG(D(ITI+JORY) /XY

WRITECO L UUIN2

FORMAT(1MHOe1THRADIUS OF DAMAGEmy F7,443W CM)
00 150 1alleM . .
IP(D(301),GEsL.)IDTB]

CONTINUE
XIWALOGCOCIDT 1) /DCIDZe101))/7C(2(TDT01)e2(1D2))
X282 (IDZ)+ALOGCD(ID2s1)) /XY

WRITECGs154YX2 )
FORMAT(IHO ¢ LOHDEPTH OF DAMAGER, FP7,403H CM)
Lobs) '

IF(D(XT1e3).GT,DB8)LDBNY

BEST AVAILABLE COPY
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IF(D(21T1¢1).GT.0B2)L0802
IF(D(IT+:)¢GY 0DB3)LDBu}
IF(IW,GT, )LD
IF(ZBS+TE,GT,0BS)LDBSS
WRITECOs 1062008

102 FORMAY(1HO) I1SHOEGREE OF BURNEBYI1Y
8T0P

EnNO

116

NS S I L IV b KT B I e L et et i s




sosvegeenswwseJUBROUTINE TIiMEenveonuouncusese
C 805 TIME COMPUTES LASER POWPRS POWER(K) POR EACH TIME STEP DTX(X)
COMMON ABB(I3)oABBCIALPNAVAI(IS o3 oa2(38e35)0A3(35438)¢01(35¢3%),
182035938 eB3(35+38)eBLI11YeBLO0DCIS)ICBCONLCONReCONIIS3I8)eCUTy
20¢35:38)sDAM(202) sOREJDRIOTIOTX(TO0) o OPULBSEIDPULBC(SOYDTEMPIDZ,
300001 0D2¢030MoMATRHR(IS) oMW oIBITNHF oI ToIMANIPIPROFoINoJMAXIK KT
GLABER LBILMIOLNI oL RcLZoMoMUoME ¢MToNINToNIoNGINGXINPGC(30) oNPR(30)
ENPULSEWNTPyNTX s NNy PONIPONERCRO0) ¢ POWERC(SO) ¢ PONXPX(S0)eR(IS)RBy
OREF ¢REPET ¢ RIMoAGY ¢ Ris RUNIFIRX(SO0) 98 35¢38) oBHFoBNOvBMHIsBMH2¢TB(11)
TYOERMeTE A TEPLID o THCL ) o TOE o TOWEAT o TTIME V(IS e38) o VHFoVO(35438)
SVIH(IS IS o WATER(IS s3SI o WO oW e NoWIoXCoXPCRO0Y0Z(IS)eIBL20DEP,
QTMIZRIZWCL10) 92T 4 DASIIW
B0 2 KsloMKk
PORER{K)NO0,
2 XP(K)my,
XOBInpy
IF(IN,, T, ONF)X0RB] ,E®10
N{OAMINI(DRIDZ 9 X0)
DYCEZIROX1®XL/ALPHA
pTTRUTO
XX58XCwt,
. XXeWALOG(XC)
IF(LASER,EQ.2)GO0 TO 70
C 98¢ NONSCODED PULSESv enoucunnuntnnstiuorsssstsnusutuiotatuanasgseoes
IF(NPULBE.GT,1)G0 TO 31
C s3¢ EXPOSURES INVOLVING A SINGLE PULSME
DYLIRDPULBE/NTP
IF(DT1,6T7,070)G0 YO 8
D0 4 KwioNTP
DTX(K)=DTY
4 PORER(K)EPOWX
LIBNTP )
GO To 29
8 LisALOGIDTLI/DTO) /XXbe}
X100TOS{XCO® 1] ,)/XXS
IF(X1,GE.,DPULBEIGO TO Q0
Las(DPULBEeX1) /DT1e}
DTI=(DPULBE=R1) /L2
DO 10 KmioslLl
DTX(K)=DTT
PONER(X)WPONWX
10 DYTaxespYY
LasLieL2
LisLie}
DO 12 KafioL
DTX(K)uDOTY
12 PONERCK)WPOWX
L3si2
G0 T0 29
20 Xiw2, s
22 RISEXP(ALOGCCOPULAE®X1=DPULSE) /DT0¢1,)/L 1)
IPCRI/XY GToa99990 ,AND RI/X1,LT,1,000010G0 TO 24
X{8R3 '
. 80 YO 22 . )
&8 WRITE(Lr26)R3 o . ) ouy
260 FORMAT(LIM +»3INRIPFB,4)
00 28 Kmieid
DTX(K)=DTY
POWER(KI wPONX
&8 DTTuRISDYY

REST_AVAILABLE COPY
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(2 doia B 20 T

BEST_AVAILABLE Copy

4

3o

C so»
3

3¢

s

L 1]

[% 1 1t
Lisi 3t

LIL3enr

00 30 xwL 1412
OYX(Kk)mpro

OTQaxeec o

KTsL 2

GO TO fa0

ExPOsunES INVOLVING BULTIMLE PULIES
OTCspros2z
xxa-:./nzvtr~0PULs:
x:}uponxtonuLSltneucr
ANGBRNNDI (UGS, )

L£ ]/

20 S0 LeieNG
0T0mzzenY0
xr(uvefLJ.BY.l!GO e ¢
SINGLE PUL BES
NPROBUL SE/DTD
IF(NO, LT, 2)NP82
KxiwopyLar/np
L2nKey

LInKeng

DU 32 xuL2oL3
DYXIKymxxy
POWER(K)apONX
XP(KImNPRCL)
KeL3

zrtxxa.er.oro)so T0 3
KoKey

DTXi{KImxxe

lﬁ(xjnulﬁtti

KaKey

DTI(K)IIII-XK‘
APLFIaNPREL )Y

§) 10 s8¢
Llllhcﬂ(XXI'lX!'D?Ott.!lk!t¢l-
DTilx2¢tXXSI(Xc*‘L2~!.3
Lawxeg

duke| g

00 38 Kel2:L3
DYutxkympr2

APCKIRNPNCL )

Dramxcepr2

raLy

G0 Tg sp

GRLUPE or SEVERAL *yLaes
r?lNPG(iEIREP!T
IMLAZ,8Y, DTG0 7O &
Kakey

OTX(Kyaxa

PORERK)uxx3

XPi{n)ep, .

30 10 %y
Ll'ALOGlX?OKXSIOTOOl.Jll!o#lo
ura-xatz151¢xc¢ttx-i.a
Lamney

% L LUTY

1138




L]
$0

C *%
70

T4

Té

L 14

0
”

L L}

L L]

e

DO 48 xmi2eL)

[»38 S 4 BF TAF]

PORER(K)BXXY

¥P(x)mo,

DYisxCedT?

xeild

CONTINUE

La”Key

LIsKeNTY

DO 54 kslL2+L)
DYX(K)=DTO

DYOBXC*DTO

KTsL3

#0 TO 120

COLED PULSES 20000 nennnscuesnns v eteensss s e negsuessalsandsunoave
KaQ

DYO®DTO/22

DO 100 LuioNPULSE
0TO=Z22x0T0

017eDTO
DT1mDPULSC (L) /NTP
IF(DT1.6Y,070)G0 TO 7%
LinKey

LARKeNTS

DO 74 xsljol
DTX(K)=mDTY
PCHERCK)YUPONERC (LY

KaL2

60 TO 100
LIBALOGIDTL/0TO) AxXbel
X180TQe (XCPSL1o], ) /XXS
IP{X),GE.DPULBCCLL)IGO TO 90
LaB(DPULEBC(L)eXL) /DT ¢}
DTis(OPULBC(L)YeX1) /L2
LIsKey

LaaxKeLy

DO 80 KsL3oL4
OTX(KIuDTY
PONER(KIQMOWNERC (L)
OYTaxcapyy

LESLidey

LhBLae 2

D0 82 Kmi.Selo
OTX{K)aDT
POWER(K)INPONERC (L)

Ksi &

@0 Yo 100

Aied,
RISEXPCALOG((DPULBECL)®*XN1=DPULBCCLY)I/ZDTOCE ) /L))
IPLRI/X1,GT 09009, AND P/ X1,LT,1,00001)00 TO wA
X1arRy

GO Y0 92

WRITECoe20)R) see
l.dsne}

L3eke

DO 98 KslL2eL3
DTX(K)sDYY
PORERCKISPOWERC (L)

218#‘-:»*.* BES“’AVA“AB Lg mﬂ

119
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100

110
120
121
122
124
126

CONTINUE

LYeKey

LUBReNTY

00 110 umiLdsbe

OYR{X)upTOD

oTomxcenTO

KToLe

IP(KT G MR)NRITECO 1 21)KT
PORMATLIM o COMNUMNAER OF TIME SYEPS EXCREDS DIMENBION MKe KTme13)
IP{XT Gr.MR)BTUP
WRITECR«122)(OTX(K) s RBl RT)
FORMAT( (M CUNDTS /(IR 0E0,3))
WRITE(0s326) (POWER(N) ¢Kul,yKY)
FORMAT (1M +0MPOWERR/CIX.0EY,)))
YRITECOe1T0) (AP CK) oxBEoKT)
FORMATCIN +INXPR/CIX00F9,0))
RETURN

gnND

120

say
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C %0 GRID CONMPUTESN THE ®ADTAL AND AXTAL OPACE STEPS R(J) AND 2(I)
COMMON ARSC(IL) e aBBCoALPMAALIIS13S) o ARS8 ¢ASIN D) 01(38039),
182038 ¢39) 03038039 oBLLILYoNLOODCIS) oCUeCOMNILCONRICONTIS938)4CUT,
20C38038)00ANCZoR) sONFIORDTOTNCR00) o OPULBEOPULECISO) OTENP DR,
300001 e02eNIeMoMATR HRITE) o MNgIB oINPT Yo INARSIP o TPROP o TN JMAR N oYy
QLABER G LAILMTOLNSoLMoLT oMMl oM] oML NN gNSoNB NGX I NPR{TO) o NPR(S0)
SNPULBE WNTP I NTR o NN s PONPONER(Q00) o PONERCISO) o PANX+PRCSO)eR(IS) AN,
CREFIRESET o RIMGAGY e RNGRUNTR o AN(SO) 0838438 oBMP o BNO s BNt oBNBeTB(I1Y
TYOLAM PE«TEPID e THEII cTOC e TOWNEAT ¢ TTIMEAV(ITe38) o VHE 4 VO(3T032) 0
AVEH(IS o 38) eWATERCIS03S) swOo N ow@oWIoNCoXPLR003¢2¢38)02BL20EP,
QZMe TR IN(10) 0224088 ¢JIw
nasMiey
LI1 LYY
C o%8 CALCULATE BTEYCH CONSTANT N2
CXBNIaNy
CPERNe (N1l )SDR
TF(DHP LY 2%)CPuRNa (NI SDRCENF /2,
Ry,
10 RIVEXPCALOGC(CPOX alP) /NReY,)/CNR)
TPIR2/%1,67, 900009 ANO RR/ N1 ,LT,1,000001760 YO 13
L S L}
60 Y0 10
13 WRITECasta)N2 one
C *%% CALCULATE RADTAL DIBYANCES R(J)
1} mtl)so,
R{)mDA
IPLORP LY ZMINRCD)uBNP /2,
00 19 JadiNa
1S R(JIuR(JIeg)sDN
XiRRQeDNR ’
DO 16 JuNdgN
LISTART L IR ATY {1}
t¢ Xi1nRQexy
C %8 CALCULATE AXIAL DTISTANCES I(D)
2{Y)wo,
DO 18 TedeMa
18 2(1)adn2e(1=1)
DHFBONFS TEWEAT
TERIDUTEPIDS TONEAY
TALNTBLOTEWEAY
l"llloYlh!AT
b LLE T
IF(ONF LY, ZM)80 YO 10
C % MAIR FOLLICLE NOT PRESENTY
CRaMIenmy
CPuZNe(Miwl DY
X102,
20 RIBEXPIALORC(CPEX1aCP)/N2et,)/2EN)
!:(:SIRI.GT.QQQQQQQ.AND illll LY., 00000!).0 0 23
xtary
60 TO 20
23 xisfRisn?
DO 26 IunaWnm’
L Ttlel)a2(Y)oNy
26 XisRiexy :
GO0 10 Yo
C & WAIR pOLLYICLE PRESENY
30 LXw(MenMt) /)
CHaLXey
CPEtONPaTEPID) /2,000
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BESTZ

b 1)

LT

““
47

111

od
70

12
(1)
%

AVA!LABLE COPY

xi18g,
llll!(ALocttCP-I\-CPiIDzol 1/CK)Y
IF(:IIlI-lToo'QQQQQ ANo.lilll.LY.l.OOOOOI’OO 0 3
XioRy
G0 T0 32
XeRjen?
LioMaet
(% L LTYIR
00 36 JeiLieLd
Tt)el(ley)ex)
ALBRYOXY
cxaLX
CPE{DNP=TEPIC) V2,

".a. A‘ \

RISEXPCALOGI(CPSX1aCP) /8HPel ) /CK)
I:(:l/lluOYoo.’Q.'Q eAND R /X1,LT,1,000001)60 Y0 aa
XioRy

@0 T0 &2

LasL el X

T(Laal)uDHPeHF

Z(La)wOnP

Z(L2*1)BDNFOBNF

InFeL2

IF(LX,LE,2)60 YO a7

X1SRieguF

LiosLXxeg

00 4& Imi,id

LisL2etie]

TLD)mTCL 3¢t )X

XteRfeyy

dTLATIN

CPazMeDNF

xisg,

RISEXP(ALOG((CPEX1aCP) /8MFe1,) 2CN)
xr(:1/x1.cr..oooooo.nno.ntlxt.LT.I.ooooox)oo Y0 #0
Xi8Ry

60 T0 S2

XimRi{egup

LisLae2

DO &2 jelLilM)

7Tl (l=1)ex}

FEY L3S I

Xjel1000,

DO 72 teiem

X2e2PL=2(1)

IF(X2eX2,8T,X1)60 TO 72

jwagl

AIBAREND _
CONTINUE .
WRITECG+88)(R(J) v JuleNY) wee
FORMATCIN +2MREB/(1XeBFO a))
WRITE(6e90)(ZC2)o2mEom3) one
FORMAT(IN o2MTB/(1X0079,4))

RETURN

END
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¢ soe
¢ von

10
11

soonssnmesacasUARAUTINE PROFevecacnsesoves

PROF COMPUTES INTENSITIFS OF LASER BEAN AT GIVEN RAODII FOR LASER
PORER OF 1| WATToweINTENSITIED IN UNIYS OF CAL/CH2=8EC

COMNON ABSC11)eABBCeALPHACAL(35:38)eA2(35035)+03(3503%9) 01(35¢39)¢
1802(35:35)¢83(35+32)oBL(11)eBLOODCISIeCBICONL+CONZICONIIS03S5)eCUT,
2DC35¢35) :0AN(2¢2) nDHF sDReDToOTX(2003 ¢ DPULSEDPULEC(S0) ¢DTENPDZ
300001eD2¢0eHoeMAIRoHRLEIS oMo IBeIHFoIT o IMANIIP o IPROF e IMe JHAN K eKT e
GLABERLBoLMToLNIoLReLZoMoMA oM ¢MToNsNToNIoNGINGHoNPG(30) 1NPR(30) ¢
SNPULSE o NTP o NTX NN PONsPONER{200) ¢ PONERC(50) «POWRsPX(50) s R(3S) 1 RB
GREF ¢REPETeRIMIRGV (RN RUNIF¢PX (503 08(35¢35) o BHP9SNOoSHE e BH2TB(11) 0
TTOERMGTEsTEP IO THCI1) e TOR o TBWEAT o TTINE ¢V (35038 o VHF ¢ VO (3538 ¢
BYSM(IS¢35) ¢MATER(3I5¢35) on0ewl oo IoXCAPL200)¢2(35)eZBLs20EP
ZMoZReZN(10) 0224008 eJn

DIMENSION FA(S01).FP(501).FX(501)

L18500

00 10 Jsi«n}d

nR(J)soO,

00 1 LwielX

ex{Lim=o0,

IF(IPROF.EQ@,1160 TO a8

1F(IPROF.EQ,0)G0 TO %59

C ¢98 IRREGULAR BEAM PROFILE

c ¢

RINTaRX(LR)Z(L2=1)

INT%G'AT! PROFILE OVER ALL NADII TO DETERMINE QP
X580,

00 18 Le2eLW

X2 (PXCL)=PX{L=1))/7(RX(L)eRX(Le}))

X10PX Lot )uXQPRX(L=1)

X3aX 1 (RXC(LISRACL)=RX(L=1)¢RX( =1))/2,

XEBXQE (RXCL)FRXCLICRX (L )uRX(Lo1) SRX (L] )*RX(Le1))/3,

18 XS8XS~+6,2032%(AX4XA)

OPa 239060 (1. ~REFIS(] ,onaIR) /XS
INTERPOLATE PROFILE AT INTERVALS OF RINY
Las2

Xis0,

JO 23 LeiqL)

20 IF(RX(L2).6T.X1)60 YO 22

LasL2e
IF(L2,LELLR)GO TO 20
60 T0 23

22 X2u(X1aRX{L2°1))/(RX(L2)=RX(L2=1))

X (LImPX(L2e1)oX20(PY(L2)=PX(L2=1))

€ NISX1eRINT

CALCULATE TOTAL AREACFACL)e AND INTEGRAL OF FX(L) wITA RESPECT YO
RADIAL AREACFPCL)FROM Ru0 TO VARIOUS RADIAL DISTANCZS (L=,S)*RINY
FPE(1)83,18168FN(1)SRINTSRINT/4,

FA{1)R3,1816%RINTSRINT /S,

00 34 Lw2.LI

X18{Le ,SISRINT

x2n(Let ,SYSAINT :
FR(L)sFP(Leo1)+FX(L)*3 18100 (N1 X10X20XQ)

38 FA(L)uFA(L=1)e3 101068 (X10XinX20XD)

U S VU P : ey

CALCULATE PROFILE MR(J) FOR ALL R(J)
X100,

A2u0,

D0 35 JuieN
XIB(RCIIGR(I*1)I/(2,SRINTI¢ 5000001
IF(X3 LTe16)X301,0000001%

l.28X%3

IFIL2GCELL]I)60 TO 38
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33

’ C e3s
ay

}
|
|
) o
} ¢ sss
$9
o0
70
12

KQeX3el 2
KSEFP(L2)exas (FR(L2¢1)aPP(L2))
ASSPA(L2)+XEB{FA(L2¢1)ePA(L2))

HR(J)eGPO (XSeX])/(XoaX)

x{sxs

Xdsng

CONTY InuE

G0 T0 70

CAUSSTIAN BEAM PROFILE
SIGMARRIMOEGRT (w2, /AL 3G CCIITY)

WRITE(8040)8IGHA

FOUMAT(1HOeONBIGMASES,T)
0"2.0.23006'(I.OEEF)‘(1.-MAIF)I(3.IIIOOO!GHAOIIGHl)
00 <7 Jalewn

AIS2,RCJIPR(J)I/7(SIGMARITGHA)

IF(X3,6T7,60,)G0 Yo a7

HR(J)uQPSEXP(aX]Y)

CONT INyE

60 T0 Yo

UNIFORM BEAM PROFILE
0".23006'(1--l!F)'(l.-MA!HJI(I-lllbanuﬂl"lUN!'i
00 60 Jeien

HR(J) QP

WRITE(6e72)(MR(J) eJuleN)

FORMAT (M eSHHRE/ (X9 8E9,3))

RETURN

END
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weevsesessssnafUBROUTYINE CHATEReegassecasse .
C 98¢ CWATER COMPUTES CONDUCTIVITIESHEAT CAPACITIES VERQUS WATER CONTENT
C ¢985 AND BLOOD FLOWE
COMMON ABSC(11)eABSCIALPHACGALCISe35)0A2(35¢35)¢A3(35:35)¢01(3%¢38),
102(35435)9B3(35:38)¢BLC11)e0L00DC3S)oCBeCONLICONCONCISeISIeCUT,
20C€35¢35)DAM(2¢2) +ONFIDReDT+DTX(200) ¢OPULBEDPULSC(SO)+DTEMPYDZ
300001 eD2oDIeHoNAIRIHR(IE) oMo IBeIHP o IT o YMAXeIPoIPROF o INo JFAN K yN T,y
QLABER ¢ LBoLMIOLNIILRoLZoMeMR oMY oMY oNgNLoNIoNGINGX o NPG(30) s NPR(30) o
SNPULBEINTPoNTX o NNoPONPOWER(R00) ¢ PONERC(S0) sPONXIPXCS0) vR(3S) o ROy
ollFaR:P:To!xn.ncv.nn.nun:r.ax(50)ol(!!o!!’oﬂhlolﬂbolﬂlolﬂlo?ltli)o
TTOERMo TEo TEPTOGTHEL 1) o TOE S TOWEAT ¢ TTIME V(IS ¢38) o VHF o VO(3S035) o )
QVEH(3IS,35) yNATER(35035) o WO oW1 oWy NI XCoXP(200) 0 2¢35) vZBL«Z0EP,
OZMsZReZN(10) 92T +DASoJIW .
’ DIMENBION CH(35)eDDC35) ¢ 88(3%) eNW(IS) 1
IF(X,GT,1)50 TO 40
€ e®& BLOOD PFLOWS AT VARIOUS DEPTHS 2(I1)
DG & Imiem}
& 8L00D(1)w0,
! Lis}
xXieva(y)
| Is}
i 7 IF{2(¢1).LT.X1)60 YO 8
| LisLieg
f IP(L1.6T.LBYGO TD @
‘ XieaxgeT0CLY)
\ 6o Y0 7
’ 8 BLOOD(CI)eBL(LL)
Je]eg
© IF(l4LEMIGO YO 7
C «%% DENSITIES DDe WATER CONTENT WWy NONSWATER CONTENT 8§83 AND SPECIFIC
C *%% HEATS CH WITH OR WITHOUT BWEAY :
9 IF(TBMEAT LLT4,00013G0 TO 20 '
01800
Wiewo
20 DO 26 Imiem} .
IF(1,GT41,0R.TOWEAT ,GE,VYEPIDIGO TO 24 :
OD(I)e((D143.,#D2)STEPIDSTEPID* (6,#D1e2,8D2)2TEPIDSTONEATH(DIeD2)S
ITSREATOTOWEAT) /(4 STEPTOSC(TSWEATSTERPID))
uu(l)!((Ntol.¥la)‘T!PID.T!P!DO(0."1-2.‘&2)‘T!P!D‘Tln!nf&(d;-uz)o
1TOMEATSTEOWNEAT) /(U , *TEPIDS(TEWEATSTEPID)?
60 Y0 23
21 IF(2(1),67,T0WEAT,00013G0 YO 22
L LIS [T
DD(13eDO
88(1)sD0=N0
CHIIIB(BHO®BS(1)ew0) /DO
60 Y0 2¢
22 IF(I(1).CT,TOWEAT.TEPID)IGO YO 24
AiS(Z(T)=TINEAT)I/TEPSID
(LIS LIRS SR F VTR
00(I)mDieXio(D2=D1)
23 98(1)eD0(I)muun(])
A ISST LI L LTI §V/ 18 3]
- G0 YO 26
T 28 IF(ZC1).GT TONEATETEPIDSTOERMIGD YO as
(LISSY I'H -
- : 00(l)wpD2
88(1vmDAcN2
CH{IImgNieBHR*N2/D2

T BT AVALBLE COPY

125

A

,j“ﬂm@ﬂ.ﬂﬁ?rﬂ%MJ’“W“T

r
]
R




BEST_AVAILABLE COPY

29 wm()ens
DISSY 1:31
88(I)aDRen) -
CHil)ugniegnaewi/ns
26 CONTINUE g
C 898 DETERMINE INITIAL YHERMAY CONDUCTIVITIES aND VOLUMETYRIC MEAY CaAPe
C *®% acsiTiEs
00 33 jajen3
uA?ta(x.x)-uu(x)
VEN{Isg28CHI)®DOC])
CON(Iox).CONlOCOhlﬁwntl)lDo(!)
00 33 JedeN}
TWATER{TIsJYewWiC]) ;
CONCToJ)BCON(T0Y)
f 3 VEH{TeJINVEH(Te1; )
uRIT!(Qolb)CCONtlo1)oxnlonl) ewe
26 FORMAY (g% YAHCGNE/C1Xe 8P, 4))
uRlTE(bolB)(vsHCI-!)o!ilo"!) Ll
38 FPORMAT(1M leVOHl!(l!uGFQ.M))
RETURN
C s¥s LoJusry COHOUCTIVIYIES anp MEAT ZaPacIviEs #om HATER LOBS
40 DO 44 Jmi.XIMAX .
D0 44 Jei,gmax
DOXSWATER(Is Y e8¢
cnll(une‘llt1)¢d&7!l(I-J))IBDI
IF(Z(!).GFoTlHEAY-.OOOI)CﬂllOHI‘SNiaulvtll!vd)lbbl
YRH(SeJ)aCHXSDDYX
[ 1] CON(!oJ)aCONtOCON!ﬂuT!W(!»J.‘IODI
RETURN
N0 |

L 2 TN

o
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sovvageconssuSUHRNUTINE BAonanvegrssananns
C #%¢ ya COMPUTES MATRIX ELEMENTS NEEDZD FOR TEMPERATURE CUMPUTATION]
COMMON ABSC11)oABSCoALPHAIALI(35¢38)ed2(35+35)023C55+352981(35+3%),
182(35038)¢BI(3S5e35)eb8L(11)eRL000CIS)eLBICONLICON2ICONCEIScRE)ICUTY
2DC3S5e35)eDAM(202)¢DHFeDRINTDTX(2003 ¢DPULBEDPULSC(SO)¢OTEMPIDZ
30090140203 o MIHATRIHR(IE) oHWg IBIIHFoTIoIMANIIP o {PROFeImoJMAX e oKy
QULASER o LBoLMIOLNToLRoLZeMoMKoMI oMBININTsNIYNGINGX eNPR(RG) 9 NPR(30) ¢
SNPULBESNTO NTX gNRgPOWIBPRER(R00) +POWERC(SO) s PCRXoPXICO)eR(IS)eRBy
OREFvHEPETyRIMIRGY RNeRUNEF 4N (E0)08(35e33) oANFrSHOeSNWL98H2+TB( (1)
TTORRMy TEYTEPIDs TMEI1)nTNErTSWEAT ¢ TYIME GV (I8038) o vNFoVO(35¢38)
BVEML38,35) o wATER( 335 oW oWl om2eW3 VN CoXP(Q00YeZ(35)e20L¢20€P
EMIEHG2W (I eI aNBSedn
OIMENBION URIC(SS) o XRDIIS) o XRICIF) o XRLCIS) o HTALIB) ¢ HZQLRT) 9 XT3C) <
1X24(38)
IF(R,GT,1)60 TO 12
00 10 JadeN
XIBR(J)eR(Jwl)
X2SH(J+)eR(Jm])
XISR(Je§)eR(J)
XR1{JIma) 7 (R(JI®1R242,/(X2¥X1)
XR2(J)mal /7 (X2¥X2)
CXRI AINE2, /(012 KX)o,/ (XEWXL)
10 XR4(JIN/(R(JIBR2)¢2.,/7(X28X3)
00 1t Is2em
Xisl(1)=(1l=1)
A2MT(TeideZ ("))
X332(1¢1)e2(])
X21{1)x@e/(X20X1)
X2 ([Hmel 7 (N2WX2)
XZ3(1)B24/ (XEBXI) @2,/ (X23X4)
11 X24(1)82,/7(X2%XA3)
12 Lisl~AXel
LasJHAzey
DO 23 JeiL2
IF(J LY. JW AND,,IW,20,2)6G0 YO 39 ,
Af(leJ)m0, '
A2C1 e JINCCON(L10J)4CONCR20eJ) )/ LDT*DZ)+H/DT+0LO0D(1)"CAV2,
ABCLoJYN(CON( o dieLON(20J))/(D20D2)
19 DO 23 Is2eiLt
IP(JelToJW,AND, IN ,EQ,IW=1)G0 TO 23
IP(JoLT oW AND,IW EQ,IWIGO TO 23
AL(LoeJ)BCONCEIJ)*XZ1(TI0(COMEIo1 o S)eCON(Twle ) oXN2R(])
A2(ieJ)mCONCIoJISNI31)4BLOOD(])RC /2,
AFCLoIJ)BCONCIoJIONLA{I)a(CONCI® g JIwCONLTI~10J))OXZ2(])
2) CONTINUE
DO 25 leislt
31(Ivy)wo,
B2C1¢1)B(CONCIv2)+CON(TF 1))/ (R(2YSR(2)I¢BLOOD(LIINCA/A,
B3(1v13m(CUNLTo2)¢CONCLosYI/(REISDR(D))
PO 25 Jedsl2
B1CToJISCONCT o 0ISYRICIISCCONCT JelIoCONCToTml))NXRI(I
B2(1eJINCONCTIsJIWRRIC(II*BLOOD(I)0CB/2,
B83CI0JI8SONSTv ) SXRUCI)(CONCTvIe1)aCOMETeJmy))OXR2(Y)
2% CONTINUE
, DO 28 JsisL2
26 B2 Lo JYuB2(1e2)om/DY
. RETURN
END
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weosssnnancenaRROUTINE HYDEPeseqourauanes
C *¥% MTDEP COMPUTES RATES OF ENERGY DEPOSITION AT FACH GRID POINT PER
C *%s UNIT VOLUME OF T1SSUE
COMMON ABS(11)eABSCoALPHAIAI(IS5035)eA2(38+35)0AS(ISe5)e01(35+35)
102(35038)983C35:38)¢BLC11)eBLO0ODCISIeCOICONTICON2ICONLIS+3830CUY
20C39¢35)90AM(292) sOMFeDRIDTeOTX(200) ¢DPULSESDPULEC(SO)sDTEMP DT
300001002003 eMoHATRIHR(IE) oMW IR INF oI o IMAXGIPoIPROFoINeJMAX 9K oKT o
GLABERGLBoLMIOLNIoLRoLZoMyMKoM! gMToNsNT oNIeNGINGXINPG(30) oNPR(30) o
SNPULSEINTPINTXoNWoPOWPOWER(200) ¢ POWERC(SO) +POWXePXCSO)oR(3IS) eRD,
, OREF 1REPETIRIMeRGV e RNIRUNTIFoRY(S0) o8 (3S935) oBHPoBHOeSHIoBM29TB(11)
TTOERMyTE o TEPID s THCL11) o TOE s TOWEAT g TTIMESV(35e38) o VHF«VO(35+38)
BVSHI3Ss3S) g WATERC(IN:3S) e WO NI oW NI XCoXPC200)02(35)92BLIZOEP,
TMe NG ZN(10)9ZZoDASeINW
DIMENSION ITEC11)e22C36)¢ZFC1L)e2M(30)
REAL 18612
IF(K 67,1360 TO 32
00 4 ImioeM
12(1)e.0,
00 & JmieN
¢ 8(1+J)u0,
D0 S letemM
S ZH(Du(Z(1)¢Z(1+1)) /2,
1e(1)s.y,
lE(1)=0,
LisLZed
DO 12 Lmdsil
IE(L)NIE( L=l )sEXP(=ABS(Lo1)?TH(Lel))
IFCIECL) LT 1.,E=10)JE(L)NO,
12 ZE(L)eZE{L=l)*eTH(L=1)
1Z(1)my,
Le} -
Lxel i
14 IFSZHILX) LT«ZECL®3))IGO TO 10 [
Lai+t
G0 Y0 14
16 IZ(LXeIMIECL)®EXP(=ABSILISIZM(LX)ZE(L)))
LYSLXe1
IF(LXLE MeAND I (LX)6T,1.,E8=10)60 70 14
00 20 IsioLX
xX2mIM(y)
IP(L4GT,3)X202M(1)eZH(]nY)
XIS(IZCT1)=12(1¢1) ) /X2
D0 20 JmieN
20 8(leJ)aX3ISHR(J)
IF(IMF,Q,0)60 TO Su
DO 22 lsiWFom
22 8(l+1)00,
BCINF ol )SMR(IICIT(IHF) /BHF
GO YO S84
C **% ADJUSY 8(1¢J) FOR CHANGES IN ABSQRPTIVITY
32 LXXNSAMAXT(LXOLMT)
DO 42 JutlsNJ
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00 34 IsIleliX
34 8(1eJ)umo,
xosJZ2(11)
Xxsi,
00 36 IsIleLMI
IF(X0,LTo1.E=10)G0 TO 36
xemIn(y)
IF(I1,67,1)X282M(])=2NH(]Im=1)
X1mXxe12(1¢1)
IFC(O(T0J) eGEGl oI N1NXOSEXP (=ABBC*X2)
IF(XL,LT,1.E=10)X @0,
XxeX1/12(1+1)
SCIeJYEMREJI®(XO0OeX1) /X2
IF(J.EQe1 s AND o 1,EAIHF)XISHR(1)SX0/BKHF
- x0sX}y
36 CONTINUE
LisLMIeY
IP(L1,GT.LXX)GOD TO 4
00 37 IsLioLXX
I'(‘OOLTI’.E-to)GO Y0 317
X{BXX*IZ(1¢1)
IF(X1.LYel,E=10)X100,
8CLeJ)SHR(JIF(XOeX ) /(ZH(T)eZH(In]))
IF(J-EGol.AND.I.EO.IN‘)XSlNﬁ(1)‘!0/8HF
xosxi
37 CONTINUE
4@ CONTINUE
1IF(IHF,EG,0)G0 TO S4
DO 44 IsIWFoeM
44 3(lr1)m0,
S(IHFs1luEX]
S4 RTVURN
[ 139
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senessppwnassaSUBROUTINE TFMPevaoseavesanse

C %% TEMP COMPUTES TEMPERATURES AT EACM GRID POINT ALLOWING POR EVAPOR=
C %% ATION OF WATER

C see

c

‘i

4“5
s

COMMON ABS(11) eABSCoALPMAIAT(3S¢I5)sAR(35:38)¢A3(35:35)e81(35:35)0
102(35¢35).¢83(38¢385)¢BL{11)¢+BLOODCIS)sCBICUNIICON2/CONCIS13B)0CUT
2035025 eDAM(202) sDMFoDReDTDTX(200) o DPULSEDPULBC(S0) sDTEMPIDT
300D ¢D2eD o HIMHAIRoMRIZSI oMo IBIIHFoIToIMAX s TP IPROF I IN o JMAX OGN 9K T o
“U‘QERvLBOLHIQLNJOLROLZGNQNKOHIQNSON|N1ONS.NO.NG!ONPG(SO)0“"(‘0,0
SNPULSEsNTP¢NTXgNW,POWsPOWERC200) ¢ PONERC(S0) oPORXoPX(SO) 1 R(3S) eRB
SREFIREPET ¢ HIMIRGY s RNRUNIFoRX(S50) 0 8(35035) o OMFoBMHOI BN o8N TB(11)
TTOERMTEoTEPID»THCLE) s TOE s TOMEAT s TTIME9V(35038) o VHFVO(35038)
BVEH(3I8,38) ¢WATER(3S935) e WOIWS oMo WI e XCoXP(R00)02(35)9ZBLTOEP,
QIMIZRIZWEL10) e Z29ORSyJW .

DIMENSION CXCC35)eDXCCIS)oFXCC(IS) sCXRCISYoDXRCIS) vFARIIS) 0 JM{IT) e
1JOR(38935) o8N {3%035)¢VEL35e38)oVUX(I5+35)eZ8W(353%) :

IMaXeQ

JMAX®O

IP(K,67,1)G0 T0 3

IKWSNWe |

00 2 Isi:M

JM(1)=0

DO 2 JesoN

JOn(lyJ)m0

8W(led)u0,

XWwi00,sTE

VHFBTYQOE

DO 4 TmieM

DO & JeieN

VO(IeJ)eV(]1eJ)

Kwe0

COLUMNS (NORMAL )ervonsrvcvnesssvrar

DO 4S Imiem

PO 44 JsioeN

WER,PVEN(TeJ) VDT

FXS(JIWeBRCIeJ)

IP(JeGT oL )IPXCCIIAEXC(J)*BL(1ed)RCXC(Jm])

CxC(JymsmBI(JeJd)/FXCCJ)

BUME(WeA@CIeJ))OVIToJ)oaSC(Iod)BV(Iv19J)¢PONSE(IeJ)=8N(]0J)

IPCL.GT1IBUNBBUNGAL (T )V (]I=10J)

IP(JEQ,NISUMBSUMBI(19J)%TOE

DXC(J)m8UN/FXC(J)

IPCJGT 1IDXC(IIR(BUMSBL(TvJISDXCIJm]))/FXC(J)

CONTINUE

viso,

DO 45 LsieN

JaN¢ i,

VEBDXC(J)eCXC(J)PVX

VXX(IeJImVX

RONS(NORMAL )owacasnoveacesruvresas

00 S0 Jsien

DO 48 IsiemM

WB2,8VEM(14J) /DT

FXR(I)uwea2(TeJ)

IF(IeGT  1)FPXRCIIUFXR(TICALI(ToJIPCAR(I])

CXRCI)BwAI(TIeJ)/FXR(])

BUMS(WeBR(IeJd)IPVIXCToJIGAT(IoJ)IOVXX (Lo Jel)ePONSE(loJ)eBN ] oJ)

IF(JeGT S I8UMBEUMGBI(TsJIPVYXX(T0Je})

IF(1,BQMIBUMBIUMIAI(T4sJ)*TOE
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DARCIINSUM/ZFAN(T)
1FCI,GT 1IUXRCIIBISUMSAT(To))%DXR{T=1Y)/7FXR(])
48 CONTINUE
vIBU,
00 50 Lslem
18 LA S EIN
VXSDXR(T)eCRR{])O®VX
TF(VX,LT.TOE)VXBTNE
I“IOGE.IP.(”‘.!*.G'.“)GG 10 40
C ® STEAM ESCaPES
TP UVR LT o Xw URWATER(TeJ) LTo,s0001)R0 TO SO
IMAXEAMAX L (TMAXs])
TF 6T, M) YIm(T )R J
%0 v(leJrmvXx
IF(IrvAX&R,0)G0L TN 90 1
(X1 LIRS
IFIRn,GT,1)GU TO S2
Lxslmax
DO 51 1=mielX
LisdM(])
DO 51 Jsield
IF(S(TvJ)oGT oV (oJ)uXW)OVEMR(T9J)/DT)JISW(TeI)m]
91 CONT] «WE
92 IF(KW.GT Nw)LU TU 63
DO &80 ImielX
LisJdmMeY)
DO o6y Jmield
IF(AATERCT+J)olT,,001)G0 TO [.Y)]
X18(V(LeJ)mrm)ovon{TeJ) /DT
X28939,8wATER(TeJ)/NY
X38Sw(led) .
IF (KW EQel qUN KW GE TKWIGD T §%
X0BVS(1edieviloe])
1FCJSa(TeJ) ek @0 NRXOBXD,LT41,)G0 TO SS
xullu(kw)‘(V(!oJ!‘XK)‘ZSN(IOJ)IIVS(IoJ)’V(IOJ))
IF(XIeXUglLToRki)XUD ‘' tmx}
GO Ty SY
9% XUmZw({Kw)®nl
$7 SwileJ)mulexd
IF(S“(I.J’DLIQOI)‘“(I.J,.OI
IF(SW(Ted) eGTaX2)8W(TeJ)mY2
ISW(JeJ)BSn(LeJ)mx}
v8llsJ)av(led)
60 CONTINUE
LO e Jalem
D0 62 JsieN ;
“ae V(1eJ)sVO(]ed)
60 70 9 )
C s CORNECT FOR EFFECTS OF waTER LOSS
6} DO 6% ImjelX
L1BJM(T)
00 o4 Jsisld
WATENCI1J)B~ATER(TeJ)=8W (Lo )*DT/S39,
IF(WATER(TeJ) elTo o001 wATERCT0J) N0,
JSw(leJ)u0
. 0k Bw(led)my,
' RLISSL Y
68 JHMAXmAMAXYLJIMAX LY) .
IF{NGX BU,0,URLASER,EQ,2)60 TQ Q0
IF(POWER(X+1).GT.1.E=10)GO ™ 99
C % RESET TO SINGLE NONeCODED PULBES TO HWANDLE WATER LOUSS 1
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.‘BBT*A - .
REBLPYL S
ROESmE
IF(IM L T D F)x0m] Ee]0
EIZAMINI(DRHOUZ o X0)
OTLeZRex1wA /74 Pra
Ll.llOl
VC 72 L2a YoM
POseR(L2)80,
¢ 2P (L2ym,
XX¢®) ,/REPLT=OPULSE
KX4BRXQ/(XCe),) )
RXYBACe], J
xXe®alLOGIXG)
Lxan ) . 1
76 IF(RO,LT.1)60 TO a2
OsLK
IF(XXU4,6Y,0T0)G0O TO 7a
Lralney
DTX(LK)saXa
LxsLKet

UTA(LK)BXXguXXa -
G0 10 79
70 LIBALOG(XX@®RXS/DTOS1,)/AN00],
OTeBXXEXNS/(XCIS  11,)
LB ke)
L3IsLKeL )
00 7¢ LkaL 23
DIX(LK)sLTE
16 DTngC.DY@
Lxsi3
19 DTUSZ28DTO "
NPBDPULSE/ZDTU
IF(NP LT, 2)NPE2 . . ‘
XX 12DPULSE/NS .
LesLKrey
LIZLKeNP
Do BQ LKBL2eL3
DTR(LX)wAX]
80 PUOAERCLK)=PONWY
LxaL} |
RPERPe} . ; !
IF(RSLKeNTX=RO LT MX)GO TO T k 4
wRITE(DeBYL) NP Y i
B] FORMAT(LIM o4ONNUMBER OFf PULSES TREATED LESS THAN NPULOC. xPlctl) 3 ‘
8 L2BiKel
LIBSLKeNTX . :
DO 84 ks 2eL3 j
OTA{LK)SDTO
84 DTusxCcsDIO0 . :
nTsL3 !
NGXaQ o
C #%s ASOESS MAX][MYM TEHPEﬁATUﬂts ACHIEVED, RGVCANY LOCAT!ON)o RE(SUPERe :
C #5835  nEATED WATER) s AND VMF(HWALIR #OLLICLE) 3
Y0 DO 92 ImieM : . :
DO 92 Jmisng . é

IFLYCT0d) T aHGYIRAGVEV(TeJ) ‘

TFUIgLTlP 0NV Ted) LT, XNIG0 YO 02
cC ¢ sTttn CONTAINED -

IF(HE,GT,V(IeJ)IGYH YO Q2

P .1
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ROBV(TeJd)

V@ CONTINUE
IPCINE Gl Q) VHERANAXL(VRPeV(INFY))
RETURN

END
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¢ o00

C *9s

12
C eee

¥

sesscenscsassJUAKOUTINE DAMAQEacsoseansses
DAMAGE COMPUTES CUMMULATIVE THERMAL DAMAGE AT RBACH ONID POIN?
COMMON ABBCI13oABBCeALPHALALCISe38)+a2(3%8:39)0A3(38+33)001(3303%)
102¢38,38)¢83(35¢39)eBLC11)eALOODCIE) vCOCONTCONRICONCIS+3S)eCUT,
20C35038)00AMCRe2) o DM DRIDToDTXL200) s DPULAEDPULBCLSO0) +DTENP DT
30000100200 o MeHAIRGNRLIT) oMWoIBeIMF eI o IMANIIPoIPROPoINIJMAN IR ORT
SLASERGLOILMIoLNIOLRILZoMoMu ML oMIgNoNToNSoNBoNBX o NPEC30) oNPR(30)
SNPULBZ «NTP NTX o NwoPONIPOWERCR00) +PONERCCS0) e POWNIPRLTO0) oR(IS) o RAy
GREFP\REPET +RIMIRGVIRNGRUNIF oRXCSO0) 08 C3S¢38) pBNPoBHOo BN oMo TBLL1) 0
PYOERM T TEPID s THCLII) e TOE I TOWNEAT o TTINEIV(38038) e VHEIVO(35039) 0
OVEM(3S,38) o WATER(ISo3Y) o WOW I oWByWIeXCoNPCI00)02(33)eT0L208P,
2o ZNe2N(10)e2TeDRSeIN
DO & Lak,kY
IF(PONER(L) 6T, Em=i0)KTY0OL
CONTINUE .
IF(K,GT.,1:60 TO ¢
Jusy
H{SY DILISERS
TEimDAM(L¢2)
2CAuUDAM(2e L)
2ERBDAM(242)
XV884,eTE
LMlso
LNJ8o
IPCAPCK)I4LToe8)G0 TO 28
LLeO
IF(K.LEXTO)LLEY :
g;htu‘?! TeJ INDICES AT WHICM THERMAL DAMAGE 18 OCCURRING
.
JOs0 :
DO 12 IslsM
D0 12 JsiN
IF(V 1ol T XDIGO TO 12
108}
JOmAMAXT(JD )
CONTINUE
:!:1!! MATRIX ELEMENTS tr BLISTER FORME AT VARIOUS ®(J)
slw .
Lindw
DO 14 JmJweN
IPCY(1eJ)eTELLTY OTEMP)GO TO 4
IF(Iw,GY,2)60 YO 13
A2C1vJ)u{Ned ¥HN) /D2+BL00D(1)0C8/2,
A3(1eJ)ma, eHN/D2
A1 (207192, %HN2T(3)
‘:gggsJ)!lo'NNlltS)OICON(IoJ)OCON(SoJ))I(l(l)l(ltl)-!(!)))OILOODQI)
L ]
AJCR20J)N(CONCReJI*CONCI o))/ CTC3)RC2(Y)=2(2)))
LinJey
GO0 T0 {4

13 AL(I=10J)uR 0CON(T=10J)/(C2¢1)2(In2))8(2(]e)el(1e2)))

A2(In19J)B2,8CON(To10J)/CCZLT)0l(10R))N(ZlIe1)nT(In2)))+BLO0OD 2 1)
18CH/2,¢2.%MN/(2C1)e2(1=2))
AS(Iniod)n@ ®Nn/(2(1)=t1e2))
ALCIe )R *Mn/(2(T01)e2(1el))
ARCIvJ)OLSCONCT ) /7CCTCIe1)(Tel))O(2Ce1)eT(2)))eBLOODC)OCH2,
102.%Hu/(2(I+1)el(1=]))
::(}-J)OI.OCON(IoJ)I((!(IOI)-lt!-l))'(!t!bia-ztl!))

BJey :

18 CONTINUE

BBEM\ABLEM
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c wee

&0

a4
]

Jwsi

IP(ID.T.11260 YO 20

EVALUATE THERMAL DAMAGE AT EBaCw GRID POINY OF LIVE TIBSUES
CO 22 lalleld

00 22 JaiJ0

A1, B0{VIZeJ)ovO(Tot)) e
IP(XL,LT.084,)80 YO 22

PR LT,50,)X202C1=2€3/7( 1273,
TR(R15€,%0,)X202CR=TLR/(N1+273)
1F(n2,67,60,)R2u00,
¥IBAP(K)SDTSENP(XD)

IPF(LL,ED,1)G0 YO 20

IFLOCTodY qbTolooAND RS 8T ,.08)LLn1

DCleJ)uOCTed)onY

IF(D(TeJ)0Va1,8¢20)0(20J001,Ee20

IF(OC2eJ) GReL )L MTmAMAXLCLNT )

IFCOCTod) oGEal s )LNJBAMAXLCLNJYJ)

CONT INUE

IP(LL,EQ. 0. AND K 6T KToNTR¢S)KTRK

WRITE(Gs24ILMTIILNIID0JO s=e
FORMATCLM o¢QNLMIR o130 2XeaNLNJE T30 2XNsINIDBTI 02X eINJOBIII)

RETURN

L
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sessgcccacanaDATA CARDG(NET 1¢SINGLE RUAY PULBER)veasgenye osewe

sevtussswascalATA CARN NUMBER teceee o 'Y
3 ‘..l ‘.!l.. ‘.,6.! ’.‘.' ’.’.‘ ..,.' ..’., ’..‘ ‘..' '..’
sncagessessansNiTA CAMD NUMBEN Peevevevenacncncssne
1,080 S.0t 1,03¢0 Q. 0l 1,210 6end 11,3102 1,02 02
cascagesasgsesesNATA CARN NUMAFR Jeesssccncsssesscesse
+0138 L0072 3.0
ssocowsecesewsDAYA CARD NUMBER Ampese eseae
140 Ny o0310 0.
sevagananveesdATA CARD NUMBEPR Sesvsscsccccasecasas
0¢ 00060 L0121 L1770 37, N, « 008
votncacusassnDATA CARD NUMBPR jesevvccesescsanases .
149, S00n0, 2642, 80000, )
sesssscsecnseDATA CARNE NUMAER VTeowpvasese wenee .
100,060 110,46 132,909 182,90 181,1 188,¢ 164,02 109,39 174,33 79,0
183,2 187,101 190,7 19a,1 107,484 200,86 203,86 P0A,) 200,08 2ii,.4
213.9 216,2 218,55 220,80 222,9 22%,0 22V,0
ssonguavanssesDAYA CARN NUMBER Bevessvescsssssascesve

Y3 1,241 2,004 7,00l 0,00 6,0}

sessscaveasesDATA CARD NUMHBER Queese esesvee -
+088 14020 3,0

sosopecsncssnlATA CAHO NU"’!‘ 10 °w (1.1 ]
17, 7. 106,

sesscvovveessDATA CARD NUMBER ilsee w

1 {100 .

wevesescsnewsDATA CARD NUMBER $1248AU88cevnsuavesne
1?7 o138 S 18

sevencvsuansesATA CARD NUMBER 13e senwspee
ob‘M ‘.30 .S 1.00 ! ‘ ° ‘o

casssasnansssDATA CARD NUMBER (8¢NCy lvsasssvansses
20 S.ou 3,480) '

sevsscasnavsaDATA CARD NUMBER {Yewse ‘ sae®

15 .

asvscacvesssnDATA CARD NUMBER bscswesvecsavassses

1 7 1 7 ] ] 1

ssscevenwveneaDNATA CARND NUMBER {Tevevesssensecnense
0490 )

csosveasceneesDATA CARD NUMRER {Awvsvosvssaseavasse
‘.‘t

ssossnsencesssDATA CARD NUMBER {0ee - ™ - -

4 1,000 1,000 1,000 1,000 )

seeagesnneseaNATA CARD NUMARER 20eencecscavasvsenee
fewi 1,000 1,008 4&,0¢2

s
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0XGTef E MAINA

Ind 1,00 1,00 1,00 1,00
DBIS  ,1000e00 100041 ,1000e0S _,a000e3
DTAm
2250008 ,2%0208 ,2%0=04 ,290008 ,L280«08 ,290=04 ,3350°084 ,2%0e08
250208 ,250e0Ce 250008 ,250008 ,2%50=04 ,250-04 ,2350°04 ,2%0~06
0250908 250008 (2%0e08 o,250204 (330001 837201 ,568=01 (73901
0900001 125000 162000 211000 ,278¢00 387400 ,%64+00 «860¥e00
o7830600 102008 132001 172401 228401 .291¢01 378001 402401
POuERs
0JaBe0E  ,3uBe0y L368¢08 388408 348008 348408 348008 348¢048
386006 388004 348008 388408 380408 348404 348004 ,388e04
. «3480UN 348004 ,3808e08 L348¢408 L0000 «000 «000 2000
«000 e 000 «000 000 «000 «000 «000 000
2000 e c00 «000 «000 «000 <000 +000 «000
xps
$o 1e 1e 1, te te 1, e
te 1. 1e | 1S 1. 9 1, 1
1e 1. 1. 1, 1. 49 Y 1e
‘0 1. | 99 ‘o ‘. lo ‘l 1.
L 1Y te 1. 1, 1, 1, te
Re
« 0000 «0340 «00680 1020 21360 «1700 «2040 2380
2720 «30060 <3400 «37&¢ 24080 <8420 +4Ta0 «5100
I
+0000 o0i24 « 308 « 0569 00967 21560 2442 «37%)
«5708 8608 1.2927 1.,9353 20,0912 4,313} 6.4209 9,576}
$16MAR 170000
HRo -
114001 195001 ,153¢01 ,103¢03 585400 205400 o110¢00 (416=0)
«125001 321002 ,700e03 ,L130=03 ,206008 ~ ,279+05 ,320~06
A83Ce 12, ABSws 10, €8s 1,000 CONis ,00033 CON2s  ,00136
005 1,080 ODis ,500 Das 1,030 03s ,980 OEPIDs L0060 '
HAIN® 00 REFS «60 BHOS L2200 .SKtis 3700 8Hdms L6300
TOEKME L1779 TEs 22, TEPIDs L0121 TOs 37, TSWEATs (.00
wos L950 wis L2000 w2s ,LB800 Wlw ,050 WAVELW 698 :
XC® 1,300 20EPs ,006 ZRs 5 1w 1.00 C
I1PHOFS] LASERS) (8w 1 (28 3 NE1S Nis-§ neiS Mis }
NPULSES 1 NGXm0 NTXB20 :
IBLE 12101 Hwam ,600202 DTEMPe 131, OWFs ,100403
SNFs ,200-01 .
Cuts «1350 RImMs «1700
DPULBES 50003 NTPE20 POKXs o348¢0¢
101 § ID28 7 1ITYPEs | JDim |1 JD2w 7 KTYPEs(O
TiNEle2n
«000 «100¢03
Tue
20880 L1420 33,0000
. AgSs .
17, Te 10,
Ta8
- «013% L9978 13,0000
BL8 )
. Oa(1v1)8 189,0 DAM(1.2)850000,

DAN(zpn)-'anz.o DANC242)880000,
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DRS ,0340 Hne e4061 NZm L0121 ZI%e

(e ]
0011 001 0012 +0012
V00U «N00& 0002 »0002
Vine .
«Jég0 «88S51 « 8851 + 8851
« 3901 03941 - 3941 « 3041

HEATY DEPUSITION RATESSewavevsans

Re «0000 00340 « 08680
ls 0000 0301902 (314002 ,207902
4] N32% e 285402 ,263¢02 ,207+02
la 0501 «208902 ,192¢02 ,151+02
44 ] 09509 0738001 078401 ,533¢0%
rd 0907 08351401 ,816¢03% ,327401
1s +1%060 «30860; 284401 ,223¢0%
is sl 0190401 .17%5¢01 13804

DT ,250=0a TIME® 2500048 PONERS
. . Rs +0000 00380 « 0080

b « 0000 8.0 1.’ 209
ls 0124 2.8 2.0 240
le 0030} 2.0 1.9 1%
Is : 05909 7 T 5
is 0967 old o8 o>
is 15060 o3 3 Y
is 2442 ol o8 3

D78 ,2%0«0¢ TINES 500004 POwERS
R 0000 «0380 «0680

is 20000 8.0 Tet S.8
is 0124 Set S.2 4,1
L] «0301 4o 3,8 3.0
is 0509 1.4 1.3 1.0
l. .0007 .’ -Q I.
is 11560 b b o
1 24U o8 8 b

DT8 (2%0=04 TInEm ,7500~04 PONERS
Lhi® 0 Lngs ¢ IDs 2 JOs 3
Rs »0000 <0380 20080

ze Quoo 12,0 111 8,7
Is 00121 8,4 Te8 LTS
ie 0301 [ 79 5.7 4.5
s « 0509 2e2 2.0 t1e0
ie 00907 13 1.2 1.0
i +1560 9 8 o7
4 ] 2002 1.3 1 Y] 9

DTs ,250=04 TIMES 100003 POwERS
injs 0 (NJs 0 IDe 3 JO= @&
Re .0000 003.0 .Ohlo

i 00000 16,0 14.8 1.0
is 0121 11.2 10,4 8,1
i 20301 .2 Te0 $.9
zl .0569 ‘o‘ 207 al‘
1 0967 1.8 1.6 $e3
ie o15060 1.2 1.1 9

00012
<0002

«1020
100002
+139¢02
0101002
«357401
2196001
« 1950001
+ 922400

+3484¢04
01020
1,9

‘..

149

o

2

ol

o2

« 348404
+1020

«348¢04

01020
5.8
4,1
3.0
1.4

)
o8
b

30840

«1020
7.8
S.%
8,0
1,8

®
3

138

00
00

288
19

«1360
+ 24600}
« 79240}
2578001
020800}
« 1295404
«ASA¢00
526400

{1 ]
« 1380

1al
o8

+1360
1Y)

9.5763 NGe O

12 «0002
o2 «0002

E 3 03944
a1 « 3941

1700
2806000y L9
« 388401 ,1
« 2081001 L)
0991400 &
«009¢00 ,2
al18¢00 .1
« 256400 ,1

1s [IMAXSLISY
21700

fe IMAXe 0
«1700
1l
c®

1o IMAXS O

00002
«0002

o304t
«3041

«2080
1401
60401
1701
12000
§2¢00
72¢00
06400

JMAXetS
22040

JMAXe O
« 2080

Juaxa O

1700 « 2040

1e¢ IMANS O

o1700
ed
1%
fel
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e {1} 1,7 1% 1e2 8 9 Y ] ol

DTS ,2%0204 TImEs 125003 POwERS 348404 xPm 1, IMAXS O JMaX®e O
L"is 0 WNJe ¢ 30 3 Jos 4
Rs «0000 « 0340 « 0680 «1020 o 1360 «1700 «2040

Zn « 0000 20,0 18,4 14.5 9,7 $,.% 2.7 1.1

is 0121 14,0 12.9 10,2 6,8 3,9 109 e8

is 2030} 10,2 Q.4 Vet §,0 2.8 1.4 Y.

o 0969 Je® 3.3 240 1.8 1,0 5 o2

le « 0907 F Y 2.0 1e6 1.1 ) o3 ol

1s +1560 1.5 1.4 1e} o7 od o2 ol

is Y LLT 241 1.9 1% 1.0 b 3 ol J

OTs ,250=04 TIMEm ,1500203 POWER® 348404 XPm 1e IMANS 0 JMAXS O

LMis 0 LNJs 0 10 3 JDs & E
Qs s 0000 « 0340 « 0680 «1020 L1360 «1700 02040

ll .0000 Z“.O 22.1 ‘70“ 11" b.’ 302 l.l

Ils 0id} 19,8 15,5 1R.2 8,2 4,7 2.3 9

is 20301 12.3 11.3 8,9 €,0 3.4 1.7 7

r4 ] «056@ 4.3 4,0 3.1 2! 1.2 b o2

P4 | 009867 2.7 2.9 1.9 1.3 o7 o8 ol

Zl .1560 l.e ‘07 1.1 .o .5 .2 .‘

p4 ) el 25 2.3 1.8 1.2 a? 3 ol

018 25004 TIMES ,175003 PONERS 348404 XPe 1, IMAX® 0 JMrAXs O
Luis 0 (NJs 0 IDs 3 JDm §
Re 0000 « 0340 00680 +1020 e 1300 +1700 02040

s «0000 28,0 25,8 20.3 13.6 7.8 3.8 1+6
is 20121 19,6 18.1 14,3 9,8 5,.% 2.7 1e1
is #0301 14,3 13.2 10,4 7.0 4,0 1.9 +8
s « 0509 S.1 4,7 . 347 2,5 1.8 ol 3
1w 20967 3at 2.9 ‘2.3 1.5 . ol 2
in «1560 2ol 2.0 1.5 1.0 o0 3 ol
1 4] s24UP 2.9 247 F I3} 1,4 " ol o2

DTa ,250-04 TIMER ,2000=03 POwERs _348+04 xPs 1o IMAXS 0 JwaX® 0
LMis 0 LMJs 0 IDes 3 JDs §
Rs 00000 « 0340 0680 1020 1360 «1700 1 2080

is « 000D 3340 29.5 23,2 18,8 8,9 4.3 1.8
Is «0121% 22.48 20,7 1663 10,9 6,28 3.0 1.3
In +0301 164 1541 119 8,0 4,9 22 9
1= 00509 %.8 5.3 dog 2.8 1.6 8 3
i= 00987 3.5 3.3 246 1.7 1,0 3 Y
e a19060 Cel de 1.8 1.2 S 3 o1
is o 2442 $e) 3.1 Q.4 1.6 o9 S o2

OTR ,250°04 TIMES ,2350=03 POWERE ,34B8¢04 XPm 1o IMAXBE 0 JMAXE 0
LMis 0 (nJw 0 I0= 3 Jos §
LT «0000 00340 «N680 01020 s1360 1700 02040

1 «0000 315.9 33,2 26,1 17,8 10,0 4,9 2.0
is 012t 29.3 23,3 i8,3 12,3 7.0 L 1) 1,4 .
Z' lo,oi ‘..“ l’.o t,.“ 9.0 s.l 2.5 ‘.0 '
Zs L0509 .5 6,0 4o? 3.2 1.8 9 ol : |
ll .0907 “.0 3-, 3.9 ‘.. l.‘ '.5 -2 .
4 ] a19%00 2.7 2.9 2.0 1.} 8 L] Y
l’ PYL1T] 3.8 1.5 2.7 1.0 1,0 % o2
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078 ,250=04 TIMES 2500403 POnERS
LMis 0 NJs 0 Ivs & JOw &
Am 00000 0340 00680

is «000C 39.9 3049 29.0
14 0121 28,1 29,9 2044
ls 0301 20,5 18,9 14,9
is 005069 7.2 6.7 Se2
ie <0987 4ot 4.1 - 3,2
is 019060 3.0 2.8 2.2
is 2442 . éc2 3.9 3.,C

DTS ,250%04 TIMES ,2780-G3 PCERS
LMis 0 (NJs 0 IDs 4 Jos S
RE L0000 L0340 L0680

1 «0000 43,9 40,5 31.9
in 0121 30.9 28.,9% 2244
F4 ] 0030} 22.% 20,8 163
ls 00509 Te9 Te3 5.8
le 09087 4,9 448 3.8
ls 1900 3,3 3.1 2.4

ls 24U 4,6 4.2 3.3

DTS ,250=04 TIMES ,3000003 POWERS
LMl®e 0 INJS ¢ 10 4 JDs S
Re «0C00 00340 «008¢

i « 0000 47,9 TP ] 34,6
is o01321 33.7 31,1 24,60
is 0301 24,6 2247 17.8
ls » 0509 8.7 8,0 03
s 20967 9.3 4,9 3.9
i 01560 3.0 3.3 2s0
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